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The  Cathode  Ray  Oscillograph* 

By  J.  B.  JOHNSON 

The  cathode  ray  oscillograph,  since  its  invention  by  Braun,  has  developed 
along  three  lines.  The  major  types  of  tubes  are  the  high  voltage  tubes 
with  a  fluorescent  screen,  the  high  voltage  tubes  with  internal  photographic 
equipment,  and  the  low  voltage  tubes.  This  paper  follows  the  structural 
development  of  commercial  tubes.  The  operation  of  the  tubes  is  discussed, 
from  the  standpoint  of  both  theory  and  practice,  with  particular  reference 
to  the  low  voltage  type  of  tube.  Numerous  examples  are  given  of  the 
applications  of  the  tubes  to  problems  in  science  and  engineering. 

N  our  complicated  life,  we  find  that  we  need  a  great  many  aids  to 

our  primary  sense  organs.  The  processes  of  the  modern  world 
demand  that  we  make  correct  estimates  of  things  that  are  too  large  or 
too  small,  too  intense  or  too  feeble,  for  our  poor  senses.  We  have 
balances  to  give  us  the  weight  of  masses  too  heavy  for  us  to  lift  or  too 
small  to  be  felt.  Telescopes  enable  us  to  see  far-off  objects,  micro- 
scopes very  small  objects.  Our  ears  are  supplemented  by  telephones 
that  put  us  within  earshot  of  almost  all  the  civilized  world.  For  elec- 
tric currents  we  have  ammeters  to  measure  currents  so  large  as  to 
destroy  us  in  a  second,  and  galvanometers  that  measure  currents  far 
too  small  for  us  to  feel  as  a  shock.  Taste  and  smell  have  not  yet  been 
supplied  with  artificial  aids,  but  that  may  come  some  day. 

For  recording  long  times  we  have  clocks  and  calendars;  for  making 
a  record  of  happenings  that  take  place  in  a  time  too  short  for  us  to 
think  of,  we  use  oscillographs. 

There  are  a  number  of  different  types  of  oscillographs  in  use,  all  of 
them  electrical  in  nature.  The  kind  I  am  going  to  discuss  involves  a 
stream  of  cathode  rays  and  it  is  therefore  called  the  cathode  ray  oscil- 
lograph. The  principle  of  its  operation  is  quite  simple.  We  have  two 
electrodes  in  an  elongated,  evacuated  glass  tube  as  in  Fig.  1 ;  one  of 
them  may  be  a  heated  filament,  the  other  a  plate  with  a  small  hole  in 
it.  When  a  potential  is  applied  between  the  electrodes,  making  the 
filament  cathode  and  the  plate  anode,  the  electrons  emitted  by  the  hot 
filament  are  drawn  to  the  anode.  Some  of  them  pass  through  the  fine 
hole  in  the  anode  and  continue  as  a  thin  pencil  of  electrons,  a  cathode 

*  Presented  at  Franklin  Inst,  mtg.,  Dec.  4,  1930.  Jour.  Franklin  Inst.,  De- 
cember, 1931. 
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ray,  down  the  length  of  the  tube.  At  the  end  of  the  tube  is  a  screen 
of  fluorescent  materials,  which  shines  brightly  at  the  point  where  the 
ray  strikes  it.  We  can  therefore  see  where  the  ray  ends  on  the  screen. 
Another  pair  of  electrodes  in  the  form  of  two  plates  P  and  Pi  is  intro- 
duced so  that  the  cathode  ray  passes  between  them  (Fig.  2).     Now, 


D^s^p 


M'l'H 
— H|.|i|i|i[- 


Fig.  1 — -Schematic  of  cathode  ray  tube. 

by  a  battery  or  otherwise,  we  apply  a  voltage  between  the  plates,  so 
that  one  is  positive  with  respect  to  the  other.  The  electrons  of  the 
ray,  being  negative  charges,  are  during  their  passage  between  the  plates 
drawn  toward  the  positive  plate  and  emerge  in  a  different  direction 
because  of  the  applied  voltage.  Similarly,  a  magnetic  field  applied  by 
the  magnet  N-S,  across  the  path  of  the  ray  and  in  the  plane  of  the 
paper,  as  in  Fig.  3,  makes  the  ray  emerge  in  a  direction  out  from  the 


Fig.  2 — Tube  with  electrostatic  deflection. 

page.  The  amount  of  the  deflection  is  a  measure  of  the  strength  of 
the  applied  magnetic  or  electric  field.  We  have,  then,  in  this  cathode 
ray  a  pointer  which  tells  the  magnitude  of  the  field  that  deflects  it.  It 
is,  furthermore,  a  pointer  that  is  almost  without  mass  and  sluggish- 
ness ;  it  is  almost  not  a  material  pointer.  It  can  therefore  follow  varia- 
tions in  the  applied  field  that  are  very  rapid,  as  we  shall  see  presently. 
Because  of  this  property  the  instrument  has  been  used  extensively  for 
studying  the  electrical  phenomena  of  such  a  range  of  subjects  as  power 
machinery,  telephone  apparatus,  radio  transmission  and  electric  surges. 
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One  of  the  more  dramatic  recent  applications  has  been  the  investiga- 
tion of  lightning,  probably  the  most  important  work  on  lightning 
since  its  electrical  nature  was  discovered  by  Benjamin  Franklin  one 
hundred  eighty  years  ago. 


hH 
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Fig.  3 — Tube  with  magnetic  deflection. 

Let  us  examine  the  operation  of  the  tube  more  closely.  The  speed 
of  the  electrons  as  they  emerge  from  the  aperture  in  the  anode  can  be 
determined  from  the  energy  equation, 

\mv'^  =  eV, 

the  energy  of  motion  equaling  the  total  work  done  on  the  electron  by 
the  field  between  cathode  and  anode.  V  is  the  potential  between 
cathode  and  anode,  e  the  electric  charge  constituting  the  electron,  m 
its  mass  and  v  its  speed.  Solving  for  the  speed  we  have  the  relation 
between  the  speed  and  the  driving  voltage. 


4 


2-V. 
ni 


The  value  of  e/m  is  known  to  be  1.77  X  10^  e.m.u.,  the  volt  is  10« 
e.m.u.  and  the  velocity  of  the  electrons  is  thus 

V  =  5.95  X  lO^VFcm./sec. 

Tf  the  driving  potential  is  300  volts,  then  the  speed  of  the  electrons  is 
given  as  roughly  1  X  10^  cm. /sec.  or  6000  miles  per  second.  For  a 
tube  20  cm.  long  an  electron  travels  from  the  deflector  plates  to  the 
screen  in  20/109  =  1/50,000,000  sec.  If  the  applied  voltage  is  30,000 
volts  the  speed  is  very  nearly  ten  times  as  great  as  with  300  volts;  it 
is  }4  the  velocity  of  light.  A  change  of  direction  of  the  ray  induced 
at  the  deflector  plates  is  therefore  transmitted  to  the  end  of  the  ray 
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in  a  very  short  time,  and  the  ray  can  follow  faithfully  potential  varia- 
tions at  the  plates  that  are  very  rapid. 

Let  us  see  how  the  ray  responds  to  voltage  applied  to  the  plates. 
The  ray  normally  travels  with  a  speed  v  along  the  tube.  Referring 
to  Fig.  4,  the  ray  now  passes  between  two  plates  of  length  /  and  sepa- 
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Fig.  4 — Electrostatic  deflection. 

ration  d,  between  which  a  potential  difference  V  is  maintained.  While 
the  ray  is  passing  between  the  plates  the  electrons  are  subject  to  an 
acceleration, 

m  d 


m 


This  continues  during  the  time  /  =  l/v.     The  transverse  velocity  ac- 
quired is  therefore 

lYLL 

m  d  V 


at  = 


The  ray  then  travels  on  in  a  straight  line  to  the  screen  which  it  meets 
at  a  distance  D  from  the  normal  position.  The  deflection  D  bears  the 
same  relation  to  the  length  of  the  beam,  from  the  center  of  the  deflect- 
ing plates,  as  the  transverse  velocity  bears  to  the  longitudinal. 


D 

_v' 

V 

e  r     I 

J  v 

L 

md  ^e_y 
m 

""  d   V 

uv 

This  brings  out  an  interesting  point  in  connection  with  the  design 
of  the  deflector  plates.  For  high  sensitivity  the  plates  should  be  long 
and  close  together  but  the  plates  must  not  cut  the  path  of  the  deflected 
ray.     If  we  want  to  get  a  certain  maximum  deflection  D  with  a  tube 
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of  a  certain  length  L,  then  the  relation  of  spacing  to  length  of  the 
plates  must  be 

I  ~  L' 

as  can  easily  be  seen  from  Fig.  4.  When  this  condition  is  satisfied  it 
makes  little  difference  in  the  sensitivity  whether  the  plates  are  large  and 
far  apart  or  small  and  close  together. 

The  magnetic  sensitivity  of  the  tube  is  more  uncertain  only  because 
the  boundaries  of  the  magnetic  field  are  usually  less  well  defined  than 
those  of  the  electric  field.  One  form  of  the  derivation  will  be  given 
here.  If  the  ray  generated  by  the  driving  voltage  V  passes  for  a  dis- 
tance /  (Fig.  5)  through  a  region  in  which  there  is  a  transverse  mag- 
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Fig.  5 — Magnetic  deflection. 

netic  field  of  strength  if,  the  path  of  the  beam  is  an  arc  of  a  circle 
whose  radius  is 


R  = 


mv 


1     \lmV 


eH      H 


When  the  ray  leaves  the  magnetic  region  it  proceeds  in  a  straight 
line  to  the  screen,  where  the  total  deflection  from  the  normal  is  D. 
If  the  angular  deflection  6  is  not  great  then  we  have,  very  nearly, 


tan  0  =  -y  =  ^  =  /H 

Li  K 


2mV 


and  hence 


D  =  ILH 


4 


ImV 


In  practical  units  instead  of  electromagnetic  the  expression  becomes 

D  =  .MLH/4V. 
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Having  now  described  in  an  elementary  way  how  the  cathode  ray 
oscillograph  works,  let  me  turn  to  the  story  of  the  development  of  the 
tube.i  The  first  reference  I  have  seen  to  the  idea  that  a  cathode  ray 
might  be  used  to  indicate  magnetic  field  dates  to  1894,  when  Hess,^  in 
France,  suggested  the  use  of  such  a  tube  as  a  curve  tracer.  The  first 
application  of  the  idea,  however,  was  made  by  Ferdinand  Braun  »  in 
1897,  and  after  him  the  instruments  have  been  called  Braun  tubes. 


Fig.  6 — The  first  cathode  ray  oscillograph,  F.  Braun,  1897. 

The  tube  of  Braun  was  quite  simple  (Fig.  6).  It  had  a  flat  disc 
cathode,  a  wire  in  a  side  tube  as  anode,  a  pierced  diaphragm  to  limit 
the  beam  and  a  fluorescent  screen  of  zinc  sulphide.  It  contained  air 
at  low  pressure.  Current  from  an  electrostatic  machine  produced  a 
discharge  in  the  residual  gas  in  the  tube,  from  which  emanated  the 
cathode  rays  through  the  aperture  in  the  diaphragm. 


Fig.  7 — Tube  for  measuring  e/m,  J.  J.  Thomson,  1897. 

It  is  of  interest  that  the  invention  of  the  tube  took  place  before  the 
nature  of  cathode  rays  was  understood.  It  was  in  the  same  year  that 
J.  J.  Thomson  in  England  and  W.  Kauffmann  in  Germany,  each 
using  a  tube  that  was  almost  identical  with  the  Braun  tube,  deter- 

1  More  detailed  chronicles  of  the  development  of  the  tube  have  been  made  by  H. 
Ilausrath,  "Apparatus  and  Technique  for  Producing  and  Recording  Curves  of  Alter- 
nating Currents  and  Electrical  Oscillations," //e//o5,  1912;  and  by  MacGregor-Morris 
and  Mines,  "Measurements  in  Electrical  Engineering  by  Means  of  Cathode  Rays," 
JL  Inst.  El.  Eng.,  63,  p.  1056,  1925. 

2  Hess,  A.,  Compt.  Rend.,  119,  p.  57,  1894. 
•Braun,  Ferdinand,  ]]'icd.  Ann.,  60,  p.  552,  1897. 
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mined  that  cathode  rays  have  mass  as  well  as  charge.     Thomson's 
tube  ^  is  shown  in  Fig.  7. 

The  Braun  tube  immediately  found  many  applications.  One  of  the 
most  fruitful  fields  for  it  was  its  use  by  Professor  Zenneck  in  studying 
radio  circuits  and  the  transmission  of  radio  waves.  From  Professor 
Zenneck  and  his  school  there  are  still  papers  coming  out  on  work  done 
by  means  of  the  Braun  tube.     The  tube  was  introduced  in  this  country 


Fig.  8— Ebert  and  Hoffmann,  1898— tube  by  Geissler.^ 


very  early.  Professor  H.  J.  Ryan,  then  at  Cornell,  in  1903  described 
measurements  on  high  voltage  power  circuits,  and  similar  work  has 
appeared  occasionally  ever  since  from  Professor  Ryan's  hand. 

After  the  invention  of  the  tube  there  were  a  number  of  improve- 
ments that  made  it  more  convenient  and  its  operation  more  reliable. 
Figures  8-12  show  some  of  the  many  designs  of  tubes  of  this  time. 

*  Thomson,  J.  J.,  Phil.  Mag.,  44,  p.  293,  1897. 
6  Ebert  and  Hoffmann,  E.  T.  Z.,  19.  p.  405,  1898. 
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Fig.  9 — MacGregor-Morris,  1902 — -tube  by  Cossor."* 


Fig.  10— Ryan,  1903— tube  by  ]\Iuller-Uri.^ 


II ^ 
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Fig.  11 — Roschansky,  1911.* 


Fig.  12 — Broughton,  1913 — tube  by  Max  Kohl. 

^  MacGregor-AIorrls,  Engineering,  1902,  73,  p.  754. 

7  Ryan,  H.  J.,  Am.  Inst.  El.  Eng.,  Trans.,  22,  p.  539,  1903. 

»  Roschansky,  D.,  Aym.  d.  Phys.,  36,  p.  281,  1911. 

9  Broughton,  H.  H.,  Electrician,  72,  p.  171,  1913. 


THE  CATHODE  KAY  OSCILLOGRAPH  9 

In  1905  Wehnelt  ^^  suggested  the  use  of  a  hot,  Hme  coated  filament, 
which  he  had  found  a  couple  of  years  earlier  to  be  a  strong  emitter 
of  electrons  and  which  was  the  basis  of  the  present  day  oxide  coated 
filaments  in  vacuum  tubes.  Wehnelt  made  up  such  a  tube  (Fig.  13) 
which  he  could  operate  on  the  220  volt  power  circuit.  This  was  prob- 
ably the  first  practical  application  of  the  oxide  coated  filament.  A 
number  of  experimental  tubes  were  made  up  with  hot  filaments  in  the 


Fig.  13— Wehnelt,  1905. 

years  following,  but  almost  twenty  years  were  to  elapse  before  a  really 
successful  tube  with  hot  cathode  and  low  voltage  was  developed.  This 
was  the  Western  Electric  224  tube,^^  to  be  discussed  in  greater  detail 
presently. 

Another  tube  of  this  type,  by  von  Ardenne  and  Hartel,^^  is  illus- 
trated in  Fig.  14. 

After  Braun  and  Wehnelt,  the  most  notable  change  in  structure 
was  made  by  A.  Dufour  ^^  in  France  in  1914.  Up  to  that  time  per- 
manent records  of  the  pattern  on  the  fluorescent  screen  were  made  by 
means  of  a  camera.  This  usually  meant  that  the  pattern  for  a  rapid 
phenomenon  had  to  be  repeated  many  times  before  the  photographic 
plate  was  exposed  enough.  Dufour  omitted  the  fluorescent  screen 
and  instead  placed  the  photographic  plate  inside  the  tube  so  that  the 
cathode  ray  could  play  directly  on  it.  When  the  cathode  rays  strike 
the  photographic  emulsion  directly  a  record  can  be  traced  in  a  much 
shorter  time  than  when  the  intermediary  light  from  a  fluorescent 
screen  is  focused  by  a  lens  on  the  photographic  plate.  Placing  the 
photographic  plates  internally  of  course  involved  a  number  of  com- 
plications, such  as  mechanism  for  moving  the  plates  inside  the  evacu- 
ated tube,  means  for  inserting  and  taking  out  the  plates,  and  pumps 
for  producing  and  maintaining  the  vacuum.     The  old  glass  structure 

10  Wehnelt,  A.,  Phys.  Zeit.,  6,  p.  732,  1905. 

11  Johnson,  J.  B.,  //.  Am.  Opt.  Soc.  &  R.  S.  I.,  6,  p.  701,  1922. 

12  Hartel,  H.  von,  Zeit.  f.  Hochfr.  Techn.,  34,  p.  227,  1929. 
IS  Dufour,  A.,  Compte  Rend.,  158,  p.  1339,  1914. 
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Fig.  14 — von  Ardenne-Hartel,  1930 — tube  by  Leybold's  Nachfolger. 


Fig.  15— Dufour  oscillograph  of  1923." 
"  Dufour,  A.,  Oscillographe  Cathodiquc,  Eticnne  Chiron,  Paris,  1923. 
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is  largely  abandoned  in  these  tubes,  and  metal  is  substituted.  The 
applied  voltage  is  very  high,  of  the  order  of  50,000  volts.  This  makes 
a  rather  formidable  piece  of  apparatus  (Fig.  15),  but  quite  a  useful  one. 
In  the  last  few  >ears  several  different  tubes  of  this  type  have  been 
developed.  Aside  from  Dufour's  tube,  there  are  those  of  Rogowski 
in  Germany,  Wood  in  England,  Berger  in  Switzerland,  Norinder  in 
Sweden,  The  Westinghouse  Co.  and  the  General  Electric  Co.  in  this 


Fig.  16— Wood,  1923.15 

country  (Figs.  16-18,  21).  All  of  them  involve  complicated  tubes  and 
control  circuits.  Some  tubes  are  made  to  operate  during  a  single  peak 
of  a  60  cycle  wave.  With  others  there  are  ingenious  switching  devices 
that  start  the  tube  operating  at  the  very  beginning  of  the  electrical 
impulse  to  be  studied,  and  the  tube  then  proceeds  to  record  the  rest 
of  the  impulse.  When  we  consider  that  the  impulse  may  be  a  stroke 
of  lightning  on  a  transmission  line,  we  realize  that  there  are  some 
things  that  are  "faster  than  greased  lightning." 
"  Wood,  A.  B.,  Phys.  Soc.  Land.  Proc,  35-2,  p.  109,  1923. 
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In  the  last  couple  of  years  a  further  step  has  been  made  by  Max 
Knoll. ^^  He  seems  to  have  simplified  the  operation  of  the  tube  con- 
siderably by  attaching  on  the  end  of  his  tube  a  thin  window  in  the 
manner  of  Dr.  Coolidge's  cathode  ray  tube.  In  this  way  the  photo- 
graphic plate  on  the  outside  of  the  tube  is  exposed  to  the  pencil  of 


Fig.  17 — VVestinghouse-Norinder,  1928.^' 


cathode  rays  that  has  come  through  the  thin  window  of  metal  or  of 
cellophane. 

We  have,  then,  three  general  classes  of  cathode  ray  oscillographs: 
First  those  that  resemble  the  original  Braun  tube,  still  in  limited  use, 
comprising  a  glass  tube  with  a  fluorescent  screen,  and  a  relatively  high 
operating  voltage;  second  the  tubes  of  the  Dufour  type  that  I  have 
just  described,  with  direct  recording  on   the  photographic  plate  or 

16  Knoll,  Max,  Zeits.  f.  tech.  Phys.,  10,  p.  28,  1929. 
"  Norinder,  H.,  A.  L  E.  E.  Trans.,  47,  p.  446,  1928. 
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film;  and  third,  tubes  with  a  hot  cathode,  with  a  relatively  low  oper- 
ating voltage. 

Of  this  last  type  is  the  Western  Electric  No.  224  Cathode  Ray  Oscil- 
lograph.    Since  this  is  the  tube  with  which  I  have  had  more  direct 


Fig.  18 — Norinder,  1930 — group  of  oscillographs.'* 

contact  I  wish  to  discuss  some  problems  of  its  development  and  op- 
eration. 

The  design  of  the  tube  shown  in  Fig.  19  is  now  fairly  familiar,*  and 

i«  Norinder,  H.,  Zeits.  f.  Phys.,  63,  p.  672,  1930. 

*  Since  the  paper  was  read  the  tube  has  been  altered  in  certain  respects.  The 
glass  enclosure  for  the  filament  has  been  replaced  by  one  of  metal,  and  the  anode 
and  deflector  plates  are  supported  on  machined  insulating  blocks.  These  changes 
make  the  structure  more  rugged  and  insure  more  nearly  perfect  alignrnent  of  the 
parts.  The  end  of  the  bulb  has  been  changed  so  as  to  present  a  cylindrical  surface 
instead  of  a  spherical  one,  thus  permitting  more  intimate  contact  between  the  flu- 
orescent screen  and  a  photographic  film  when  contact  photographs  are  made. 


14 


BELL  SYSTEM  TECHNICAL  JOURNAL 


Fig.  19 — Western  Electric  tube. 
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I  shall  describe  it  only  as  I  describe  the  reason  for  the  various  features. 

First  we  wanted  a  convenient  tube  to  operate  on  the  batteries  of 
an  ordinary  vacuum  tube.  The  thermionic  filament  cathode  was 
therefore  required.  The  anode  is  a  metal  tube  placed  a  short  distance 
from  the  cathode  and  between  them  is  a  metal  disc  with  a  perfora- 
tion through  which  the  electrons  pass  to  the  anode.  These  electrodes 
are  represented  respectively  by  the  letters  C,  A  and  D  in  Fig.  20. 

The  electrons  flow  from  the  cathode  to  the  inside  of  the  anode  and 
some  of  them  pass  through  and  form  the  electron  beam.     Now,  for 
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Fig.  20 — Diagram  of  electron  gun. 

reasons  to  be  mentioned  presently,  there  is  some  gas  in  the  tube  and 
this  puts  two  requirements  on  the  structure  of  the  electron  gun.  First, 
the  gas  would  permit  considerable  ionization  in  the  tube  if  the  elec- 
trons were  permitted  to  pass  into  it.  Most  of  the  current  would  go 
around  the  disc  and  to  the  outside  of  the  anode.  The  cathode  and 
anode  are  therefore  enclosed  in  a  small  tube,  having  dimensions  less 
than  the  mean  free  path  of  electrons  in  the  gas  so  that  no  appreciable 
ionization  can  build  up.  There  is  some  ionization,  however,  in  the 
space  between  the  cathode  and  anode,  and  the  positive  ions  produced 
tend  to  bombard  the  filament.  If  the  filament  is  directl}'  exposed  to 
this  bombardment  the  oxide  coating  is  worn  oft",  as  in  a  sand  blast, 
in  a  matter  of  two  or  three  hours.  The  filament  is  therefore  wound 
in  the  shape  of  a  helix  which  is  mounted  coaxially  with  the  anode  and 
the  perforation  in  the  disc  so  as  to  be  out  of  the  direct  path  of  the 
ions.  In  this  way  the  filament  is  made  to  last  several  hundred  hours 
of  operation. 

This  completes  the  internal  parts  of  the  electron  gun.  Externally 
it  has  mounted  on  it  two  pairs  of  deflector  plates  that  control  the 
direction  of  the  electrons  after  they  leave  the  gun.  In  order  to  pre- 
vent any  large  difference  of  potential  between  the  anode  and  deflector 
plates,  one  plate  of  each  pair  is  connected  directly  to  the  anode,  and 
only  the  other  plate  has  the  variable  potential  impressed  on  it.  As 
for  size  and  separation,  the  plates  are  designed  to  give  maximum  sen- 
sitivity for  a  given  full  deflection.     The  sensitivity  is  about  1  mm. 


16  BELL  SYSTEM  TECHNICAL  JOURNAL 

deflection  for  each  volt  applied  to  the  deflector  plates,  or  1  mm.  for 
each  ampere  turn  in  a  pair  of  small  coils  placed  outside  of  the  tube. 
These  figures  are  for  the  normal  driving  potential  of  vSOO  volts. 

The  flattened  end  of  the  bulb,  on  which  the  electron  beam  impinges, 
is  covered  with  a  fluorescent  material.  The  powder  is  a  mixture  of 
zinc  orthosilicate  and  calcium  tungstate,  both  specially  prepared  for 
fluorescence.  The  zinc  silicate  produces  a  green  light  of  high  visibility 
and  the  tungstate  a  blue  light  of  high  photographic  activity,  so  that 
with  the  mixture  the  same  tubes  can  be  used  efficiently  for  both  visual 
and  photographic  observations. 

As  said  before,  there  is  some  gas  in  the  tube.  One  purpose  of  the 
gas  is  to  produce  a  small  amount  of  ionization  in  the  tube  which  pre- 
vents any  unduly  large  charges  from  accumulating  on  the  glass  walls 
and  screen.  Electrons  deposited  on  the  glass  are  neutralized  by  posi- 
tive ions  produced  in  the  gas.  An  electron  current  equal  to  the  current 
in  the  beam  drifts  back  through  the  gas  to  the  anode.  The  chief 
result  of  this  drift  of  electrons  is  that  a  negative  space  charge  is  formed 
in  the  tube  which  decreases  the  speed  of  the  electrons  before  they 
strike  the  screen  as  if  the  driving  potential  had  been  lowered  by  about 
50  volts. 

The  other  and  more  important  purpose  of  the  gas  is  to  bring  the 
electrons  of  the  beam  to  a  sharper  focus  at  the  screen.  The  beam  is 
diffuse  for  two  reasons,  first  because  it  is  originally  divergent,  and 
secondly  because  of  the  natural  electrostatic  repulsion  that  tends  to 
force  the  electrons  apart.  The  gas  serves  to  overcome  these  actions 
in  the  following  way:  As  the  beam  of  electrons  travels  down  the  length 
of  the  tube,  some  electrons  collide  with  atoms  of  the  gas  and  separate 
the  atom  into  an  electron  and  a  positive  ion.  The  impact  of  the 
electron  does  little  to  displace  the  massive  positive  ion  from  the  posi- 
tion it  temporarily  occupies  while  two  electrons  are  immediately  shot 
out  of  the  path.  The  result  is  a  column  of  positive  ionization  down 
the  length  of  the  beam,  with  a  negative  space  charge  surrounding  it. 
This  produces  a  radial  electrostatic  field  which  tends  to  bend  the  path 
of  the  outer  electrons  of  the  beam  inward  toward  the  centre.  The 
magnitude  of  this  action  depends  on  the  degree  of  the  differential 
ionization.  This,  again,  is  the  greater  the  higher  the  gas  pressure  and 
the  greater  the  current  in  the  beam.  The  gas  pressure  must  be  low 
enough  so  that  the  larger  fraction  of  the  electrons  reach  the  screen, 
and  then  the  current  in  the  beam  must  be  such  as  to  produce  the  de- 
sired focusing  action.  The  heavier  the  ions  the  lower  can  the  pressure 
be.  The  condition  for  a  focus  then  involves  the  kind  and  pressure  of 
gas,  the  speed  of  the  electrons,  the  current  in  the  beam  and  the  length 
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of  the  tube.  In  the  224  tube,  with  argon  at  the  pressure  of  .01  mm. 
the  focusing  occurs  at  about  20  microamperes  in  the  beam.  Less  cur- 
rent makes  a  large  unfocused  spot;  more  current  produces  a  focus 
before  the  screen  is  reached,  with  consequent  spreading  of  the  spot 
again.  Hence  it  is  that  the  spot  on  the  fluorescent  screen  is  focused 
by  adjusting  the  heating  current  of  the  cathode. 


Fig.  21— General  Electric,  1928." 

Besides  focusing  the  electrons  and  preventing  the  accumulation  of 
charges  in  the  tube,  the  gas  plays  various  other  roles.  One  very 
curious  effect  of  the  gas  is  that  it  decreases  the  sensitivity  of  the  tube 
at  small  deflecting  voltages.  When  uniformly  varying  voltage  is  ap- 
plied to  a  pair  of  deflector  plates  so  as  to  move  the  spot  across  the 
screen,  the  spot  seems  to  hesitate  for  an  instant  at  the  centre  of  the 
screen,  appearing  to  be  brighter  there.  The  effect  has  always  been 
observed  but  particular  attention  has  recently  been  given  to  it  by 
Professor  Bedell. ^o     The  explanation  has  to  do  with  space  charge  be- 

"  Lee,  E.  S.,  G.  E.  Rev.,  31,  p.  404,  1928. 

20  Bedell,  F.  &  Kuhn,  J.,  Phys.  Rev.  36,  p.  993,  1930. 
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tween  the  deflector  plates.  The  beam  of  electrons  produces  slowly 
moving  positive  ions  and  electrons  in  the  gas  along  its  path  between 
the  plates.  When  a  voltage  is  applied  to  the  plates,  the  positive  ions 
travel  from  the  beam  toward  the  negative  plate  and  an  equal  number 
of  the  electrons  travel  toward  the  positive  plate.  The  space  charge 
set  up  by  the  electrons  and  ions  produces  an  electric  field  opposing 
that  created  by  the  applied  voltage.  The  greatest  space  charge  occurs 
near  the  negative  plate  where  the  sluggish  positive  ions  flow.  The 
space  midway  between  the  plates  remains  nearly  field  free  and  there 
is  little  deflection  of  the  beam  until  the  voltage  is  greater  than  that 
at  which  all  of  the  ions  produced  are  drawn  to  the  plate.  Calculation 
agrees  with  observation  that  this  voltage  is  2  to  3  volts  on  either  side 
of  zero. 

Having  now  described  the  operation  and  structure  of  some  of  the 
oscillographs,  I  should  like  to  say  something  more  about  their  uses. 

The  cathode  ray  oscillograph  is  essentially  a  curve  tracer  that  plots 
out  in  rectangular  coordinates  the  relation  between  two  quantities 
represented  by  the  fields  between  the  deflector  plates.  Often  one  of 
these  quantities  is  time,  as  in  the  ordinary  moving  mirror  oscillograph, 
while  the  other  is  some  electrical  quantity.  We  then  say  that  we  plot 
a  wave  shape.  We  must  then  have  a  way  of  making  the  spot  move  at 
a  uniform  rate.  One  of  the  simplest  and  most  reliable  ways  of  pro- 
ducing a  linear  time  axis,^^  at  least  for  low  voltage  tubes,  employs  two 
thermionic  tubes  to  control  the  charge  in  a  condenser  as  shown  in 
Fig.  22.     One  tube,  a  simple  two-electrode  tube  Ti,  limits  the  charging 


Fig.  22 — Thermionic  tube  "sweep  circuit." 


current  of  the  condenser  C  so  that  the  voltage  across  the  condenser 
rises  linearly  with  time  according  to  the  equation  V  =  Cit.  The 
second  tube  To  is  filled  with  gas  and  has  the  property  of  passing  cur- 
rent only  when  the  voltage  across  it  reaches  a  certain  value,  which 
in  turn  is  controlled  by  the  grid  potential.  When  the  condenser  volt- 
21  A.  L.  Samuel,  Rev.  Sci.  Inst.,  2,  p.  532,  1931. 
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age  reaches  this  value  the  tube  operates  to  discharge  the  condenser 
suddenly,  and  then  the  uniform  charging  process  begins  over  again. 
The  condenser  voltage  applied  to  one  pair  of  plates  of  the  oscillograph 


Fig.  23 — Discharge  of  condenser  through  inductance. 

tube  makes  the  spot  travel  over  the  screen  at  a  uniform  rate  in  one 
direction,  returning  much  faster  in  the  other  direction.  This  process 
may  be  repeated  once  a  second,  or  many  thousand  times  a  second, 
depending  on  the  frequency  of  the  wave  that  is  being  studied. 


Fig.  24 — Discharge  of  condenser  through  chattering  contact. 

In  Figs.  23-29  are  shown  a  number  of  records  plotted  on  a  time 
basis.  Figs.  23-25  were  made  with  the  Western  Electric  tube,  Figs. 
26-27  with  the  Dufour  oscillograph,  and  Figs.  28-29  on  an  oscillograph 
of  the  type  of  Rogowski. 


20 


BELL  SYSTEM  TECHNICAL  JOURNAL 


I 


ISSH^^JWWW^^ 


Fig.  25 — Action  current  of  a  stimulated  frog-nerve.' 


Fig.  26 — Make  of  current  through  direct  contact  and  break  through  tuned  circuit— 

Dufour." 

22  Gasser  and  Erlanger,  Am.  Jl.  Physiol,  73,  p.  613,  1925. 
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Fig.  27— Wave  shape  at  8,500,000  cycles— Dufour.'^ 


J 1 L_ 
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Fig.  28 — Front  of  a  voltage  wave  traveling  on  a  conductor." 
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Fig.  29 — Initiation  of  spark  in  a  gas.-^ 

23  Krug,  W.,  E.  T.  Z.,  51,  p.  605,  1930. 

"^  Krug,  W.,  Zeits.f.  techn.  Phys.,  11,  p.  153,  1930. 
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Another  way  to  use  the  tube  is  to  have  it  plot  the  relation  between 
two  quantities  irrespective  of  time.  As  a  simple  case  we  may  take 
the  current  vs.  voltage  curve  of  a  resistance  through  which  an  alter- 
nating current  is  flowing.  The  spot  travels  back  and  forth  along  a 
straight  line,  the  slope  of  which  measures  the  reciprocal  of  the  re- 
sistance (Fig.  30a).     If  inductance  is  added  to  the  resistance  the  spot 


(a)  (b) 

Fig.  30 — Diagrams  of  current  voltage  curves. 

does  not  come  down  on  the  same  line  it  went  up;  an  ellipse  results, 
the  spread  of  which  tells  us  the  amount  of  the  inductive  impedance 
(Fig.  30b).  This  method  of  operation  has  a  wide  variety  of  applica- 
tions. Instead  of  the  resistance,  for  instance,  we  may  have  a  gas  dis- 
charge device  of  which  we  want  to  know  the  properties.  One  of  the 
applications  of  this  method  is  the  production  of  hysteresis  curves  of 
the  ferromagnetic  materials  ^5  (Fig.  31).  Fig.  32  illustrates  the  appli- 
cation of  the  method  to  the  study  of  distortion  in  an  amplifier. 

Suppose  we  apply  to  each  pair  of  deflector  plates  a  voltage  from 
each  of  two  different  oscillators.  If  the  oscillators  make  exactly  the 
same  number  of  vibrations  per  second,  then  the  pattern  on  the  tube 
remains  stationary,  but  if  the  frequency  of  the  oscillators  differ  ever 
so  little  the  pattern  goes  through  gradual  changes  according  to  the 
different  phase  relations.  This  is  one  of  the  most  sensitive  means  we 
have  for  comparing  and  calibrating  accurate  oscillators,  and  we  may 
call  it  the  Lissajous  figure  method.  Fig.  ?)i  shows  the  appearance  of 
some  of  these  stationary  Lissajous  patterns. 

Another  method  of  comparing  the  frequency  of  oscillators  has  been 
called  the  gear-wheel  method.  In  this  method  the  voltage  from  the 
low  frequency  source  is  split  into  two  equal  components  90°  apart  in 

25  Johnson,  J.  B.,  Bell  System  Technical  Jl.,  8,  p.  286,  1929. 
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Fig.  31 — ^Hysteresis  curves  (a)  of  iron,  {b)  of  permalloy. 

phase.  These  two  voltages  are  applied  to  the  deflector  plates,  pro- 
ducing a  stationary  circle  on  the  screen.  The  voltage  from  the  oscil- 
lator of  higher  frequency  is  introduced  in  the  circuit  between  the 
cathode  and  anode  of  the  tube  so  that  the  sensitivity  of  the  tube  is 
varied  in  accordance  with  the  higher  frequency.  The  circle  is  dis- 
torted into  a  gear-wheel  shape  as  shown  in  Fig.  34,  provided  that  the 


.140  WATTS 


.170  WATTS 
INPUT   VOLTAGE 


.275  WATTS 


Fig.  32 — Distortion  in  vacuum  tube  amplifier.-^ 
26  Willis  and  Melhuish,  Bell  System  Technical  JL,  5,  p.  573,  1926. 


24 


BELL  SYSTEM  TECHNICAL  JOURNAL 


(c)  Ratio  2:1. 


(h)  Ratio  5  :  4. 


wcm 


(c)   Ratio  8:1. 
Fig.  33 — Frequency  comparison. 


Fig.  34 — "Gear  wheel"  frequency  comparison,  ratio  10  :  1. 

higher  frequency  is  an  e.xact  multiple  of  the  lower.  If  the  frequency 
ratio  is  not  a  rational  number  the  gear-wheel  rotates,  showing  the 
amount  of  the  lack  of  synchronization. 

Two  interesting  applications  to  the  study  of  radio  telephony  are 
illustrated  in  Figs.  35  and  36.     Fig.  35  shows  two  characteristics  of  a 
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transatlantic  radio  channel,  the  tube  plotting  the  amplitude  of  the 
received  signal  at  a  number  of  modulating  frequencies.  In  Fig.  36 
are  plotted  the  magnitude  and  direction  of  static  crashes  as  they  were 
shown  on  the  screen  of  the  oscillograph  tube. 

For  demonstration  purposes  the  tube  may  be  used  to  determine  the 
value  of  the  ratio  of  charge  to  mass  of  the  electron,  designated  by  e/m. 
The  classical  method  is  obvious  from  the  derivation  of  the  sensitivity 
of  the  tube  given  above.     Especially  is  this  so  if  we  can  assume  the 


two  fundamental  relations  ^mv^  ^  eV 


ellR.     The  method  is 


Fig.   35 — Transmission  characteristic  of  transatlantic  short-wave  radio  channel.^^ 

subject  to  some  error  because  the  extent  of  the  deflecting  fields  cannot 
be  exactly  determined,  and  because  of  the  space  charges  in  the  tube. 
A  more  accurate  method  of  arriving  at  the  value  of  e/m  is  due  to 
H.  Busch.2*  A  long  solenoid  carrying  constant  current  creates  a  uni- 
form magnetic  field  in  the  tube  parallel  to  its  axis.  The  electrons 
travel  in  spirals  in  this  field  in  such  a  way  that  when  the  field  has  one 
of  a  series  of  values  the  electrons  are  focused  on  the  screen.  These 
critical  values  of  the  magnetic  field  are  given  by  the  equation 


H 


_  2ir     jlm. 


V; 


"  Potter,  R.  K.,  Lnst.  Radio  Eng.,  18,  p.  581,  1930. 
28  Busch,  H.,  Phys.  Zeits.,  23,  p.  438,  1922. 
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where  n  =  1,2,  3. — etc.,  L  is  the  length  of  the  beam  and  V  the  driving 
potential. 

In  this  method  there  is  less  disturbance  from  gas  focusing  and  space 
charge  if  the  filament  current  is  made  as  low  as  will  give  a  still  visible 
spot  with  the  magnetic  focusing. 
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Fig.  36 — Azimuthal  distribution  of  atmospherics.-' 

From  the  beginning  the  cathode  ray  oscillograph  was  recognized  as 
a  tool  of  great  promise.  Its  use  w^as  limited,  however,  by  the  diffi- 
culties of  maintaining  a  constant  degree  of  vacuum  and  of  providing  a 
suitable  source  of  high  voltage,  as  well  as  by  the  general  bulk  and 
clumsiness  of  the  apparatus.  We  have  seen  that  in  the  nearly  thirty- 
five  years  since  the  first  invention  of  the  tube,  many  improvements 
have  been  made  both  in  the  structure  of  the  tube  and  in  the  methods 

■'nVatson  Watt  and  Herd,  Jl.  L  E.  E.,  64,  p.  611,  1926. 


THE  CA  TIIODE  RA  Y  OSCILLOGRA  PII  27 

of  operation  so  that  the  handicaps  under  which  the  early  apparatus 
was  used  have  been  very  largely  eliminated.  The  introduction  of  the 
low  voltage,  high  sensitivity  tube  of  moderate  cost  expanded  the  use 
of  cathode  ray  oscillographs  rapidly,  until  now  they  are  used  in  almost 
every  laboratory  where  high  frequency  measurements  are  made.  In 
the  Bell  System  alone  more  than  a  hundred  of  these  instruments  are 
in  constant  use  for  research  and  for  the  control  and  calibration  of 
manufactured  products.  Originally  an  intractable  and  little  used  de- 
vice, the  cathode  ray  oscillograph  has  become  an  almost  universal 
scientific  and  industrial  tool. 


The  Operation  of  Vacuum  Tubes  as  Class  B  and 
Class  C  Amplifiers* 

By  C.  E.  FAY 

A  simple  theoretical  development  of  the  action  of  a  vacuum  tube  and  its 
associated  circuit  when  used  as  a  Class  B  or  Class  C  amplifier  is  given.  An 
expression  for  the  power  output  is  obtained  and  the  conditions  for  maximum 
outputs  are  indicated.  The  way  in  which  the  tuned  plate  circuit  filters  out 
the  harmonics  in  the  pulsating  plate  current  wave  is  illustrated  by  an  hy- 
pothetical example.  A  set  of  dynamic  output  current  characteristics  is 
developed  graphically  from  a  set  of  static  characteristics.  The  Class  B 
dynamic  curves  are  found  to  give  a  better  approximation  to  a  straight  line 
than  the  Class  C  curves  because  of  a  reversed  curvature  which  appears  at 
the  lower  ends.  It  is  pointed  out  that  the  screen  grid  tube  should  function 
similarly  to  a  high  m  three-element  tube  in  this  type  of  operation.  Experi- 
mental dynamic  characteristics  of  a  three-element  tube,  Western  Electric 
251-A,  and  of  a  screen  grid  tube,  Western  Electric  278-A,  of  identical  di- 
mensions are  shown  which  verify  the  theoretical  results.  The  screen  grid 
tube  gives  about  the  same  output  and  efficiency  as  the  three-element  tube, 
but  its  dynamic  characteristic  tends  to  bend  more  rapidly  at  the  upper  end. 

Introduction 

THE  majority  of  modern  radio  telephone  installations  in  this  country 
are  designed  for  modulation  at  a  low  power  level  and  amplification 
of  the  modulated  carrier,  so  as  to  obtain  up  to  100  per  cent  modulation 
in  the  output  stage.  As  far  as  the  writer  is  aware  there  seems  to  be 
no  very  comprehensive  material  dealing  with  this  phase  of  vacuum 
tube  operation  available  from  past  publications.  A  treatment  of  the 
operation  of  such  amplifiers  seems  particularly  desirable  from  the 
standpoint  of  the  design  of  vacuum  tubes  for  such  service. 

Some  of  the  fundamental  considerations  regarding  Class  B  or  C 
operation  were  given  by  Morecroft  and  Friis.^  and  later,  a  more  com- 
plete analysis  of  power  oscillators  by  Prince.-  Both  of  these,  however, 
were  primarily  concerned  with  the  attainment  of  steady  output  at  high 
efficiency.  Other  papers  3. 4, 5  Qf  j^ore  recent  date  have  touched  some- 
what upon  the  subject. 

*  To  appear  in  Proc.  I.  R.  E.,  March,  1932. 

1  J.  H.  Morecroft  and  H.  T.  Friis,  "The  Vacuum  Tube  as  a  Generator  of  Alter- 
nating Current  Power,"  Transactions  A.  I.  E.  E.,  Vol.  38,  No.  2,  Oct.,  1919. 

2  D.  C.  Prince,  "Vacuum  Tubes  as  Power  Oscillators,"  Proc.  I.  R.  E.,  Vol.  11, 
Nos.  3,  4,  5,  June,  Aug.,  Oct.,  1923.  .     t^    j. 

3  A.  A.  Oswald  and  J.  C.  Schelleng,  "Power  Amplifiers  in  Transatlantic  Radio 
Telephony,"  Proc. /.  i?.  £.,  Vol.  13,  No.  3,  June,  1925.  „    ^    ,,,    ,,   ^t     ^ 

"  E.  E.  Spitzer,  "Grid  Losses  in  Power  Amplifiers,"  Proc.  I.  R.  E.,  Vol.  17,  No.  6, 

June,  1929.  .    .  .    .     ^    .         r  ^  •   j      -  n 

6  Y  Kusunose,  "Calculation  of  Characteristics  and  the  Design  of  Tnodes,  Proc. 
I.  R.  E.,  Vol.  17,  No.  10,  October,  1929. 
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This  paper  will  deal  particularly  with  the  type  of  amplifier  used  for 
the  amplification  of  the  modulated  carrier.  It  will  be  assumed  that 
a  linear  relation  between  input  voltage  and  output  current  is  the  de- 
sired characteristic  of  such  amplifiers  and  that  the  more  nearly  this 
relation  is  attained,  the  less  will  be  the  distortion  produced. 

An  approximate  graphical  method  for  the  calculation  of  the  dynamic 
output  characteristic  from  the  static  characteristics  of  a  tube  is  out- 
lined which  is  capable  of  considerable  accuracy.  The  exciting  voltage 
is  taken  to  be  a  sinusoidal  voltage  of  varying  amplitude,  and  only  the 
fundamental  component  of  the  output  current  is  considered.  The 
very  important  question  of  the  distortion  introduced  by  the  non- 
linearity  of  the  characteristic  and  by  the  resonance  effect  of  the  output 
circuit,  as  well  as  the  question  of  the  suppression  of  harmonics  in  the 
antenna  circuit,  is  considered  to  be  beyond  the  scope  of  this  paper. 

Theoretical  Development 

Class  B  ^  amplifiers  have  been  defined  as  those  which  operate  with 
a  negative  grid  bias  such  that  plate  current  is  practically  zero  with 
no  excitation  grid  voltage,  and  in  which  the  power  output  is  propor- 
tional to  the  square  of  the  excitation  voltage. 

Class  C  amplifiers  have  been  defined  as  those  which  operate  with  a 
negative  grid  bias  more  than  sufficient  to  reduce  the  plate  current  to 
zero  with  no  excitation  grid  voltage,  and  in  which  the  output  varies 
as  the  square  of  the  plate  voltage  between  limits. 

There  is  actually  very  little  distinction  between  the  two  types  as 
the  fundamental  principles  of  operation  are  the  same  in  that  the  plate 
current  flows  in  pulses  and  becomes  zero  during  part  of  the  cycle,  the 
Class  C  type  being  merely  the  case  where  the  duration  of  the  pulses  is 
shorter.  For  the  purposes  of  this  paper,  a  Class  B  amplifier  shall  be 
regarded  as  one  in  which  the  grid  bias  is  either  just  sufficient  or  is  not 
sufficient  to  reduce  the  plate  current  to  zero  with  no  excitation  grid 
voltage,  and  a  Class  C  amplifier  as  one  in  which  the  grid  bias  is  more 
than  sufficient  to  reduce  the  plate  current  to  zero  with  no  excitation 
grid  voltage. 

Let  us  consider  the  plate  circuit  of  a  Class  B  or  C  amplifier  to  be 
represented  schematically  in  Fig.  1.  We  will  omit  the  grid  circuit  and 
assume  that  the  excitation  of  the  grid  merely  varies  the  internal  tube 
resistance,  Rp,  which  it  does  in  effect.  If  at  the  start,  the  grid  is  so 
biased  that  no  plate  current  flows,  the  condenser  Co  will  charge  up  to 
a  potential  £&  as  indicated  in  Fig.  1.  Let  it  be  assumed  that  Co  is  of 
sufficiently  large  capacity  that  it  presents  negligible  impedance  at  the 

«  1931  Standardization  Report,  Year  Book  of  the  I.  R.  E.,  1931,  p.  71. 
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frequency  of  operation,  or  that  the  time  constant  of  Co  and  Ro  is  large 
compared  to  the  time  of  one  cycle  of  the  operating  frequency.  In  this 
event,  then,  the  voltage  across  Co  will  remain  constant  at  E,,  during  a 
complete  cycle.  Let  it  also  be  assumed  that  the  choke  coil  Lh  is  of 
sufficient  inductance  that  the  current  /&  is  maintained  constant 
throughout  the  cycle. 


lb 


Lb 


Eb 


3 


lb 


Fig.  1 — -Schematic  of  amplifier  plate  circuit  with  resistance  load. 

Then  by  applying  Kirchoff's  laws  to  the  circuit.  Fig.  1,  remembering 
the  assumptions  regarding  Co  and  Lb,  we  find  the  following  relations 
must  hold  at  any  instant: 


or 

and 

also 


Eb  =  ipRp  +  ioRo 

Cp  =  Eb  —  ioRo 

id  =  ip  —  /ft, 

lb  =  Average  of  ip  over  1  cycle, 


(1) 

(2) 
(3) 
(4) 


since  the  average  current  through  Co  must  be  zero.* 

Then  let  it  be  assumed  that  the  grid  of  the  tube  is  excited  and  biased 
in  such  a  manner  that  the  plate  current,  ip,  will  vary  sinusoidally  as 
illustrated  in  Fig.  2.  When  the  resistance  Rp  is  at  its  minimum  value, 
ip  will  be  a  maximum  and  will  be  the  sum  of  lb  and  io,  [(1)  and  (3)]. 
Also  ep  will  be  a  minimum,  (2) ;  see  point  1,  Fig.  2.  As  Rp  is  increased 
by  the  grid  potential  going  in  the  negative  direction,  ip  will  be  reduced 

*  See  Table  of  Symbols  at  end  of  this  paper. 
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as  also  will  io-     At  the  instant  when 

ip  =  lb,         io  =  0, 
as  illustrated  by  point  2,  Fig.  2.     Then  as  R,,  is  further  increased,  ip 


Fig.  2 — Plate  current  and  plate  voltage  relations  for  sinusoidal   plate  current  in 

circuit  of  Fig.  1. 

becomes  less  and  /o  starts  to  increase  in  the  negative  direction  until 
ip  is  zero  at  cut-off; 

Rp  =  ^ ,         io  =  —  lb  from  (3). 

Then  from  (2)  and  the  above, 

ep  =  Eb  -{-  IbRo,  (5) 

which  is  the  peak  value  of  Cp.  Thus  the  power  in  Rq  is  io"Ro  averaged 
over  a  c>cle  and  the  power  dissipated  in  the  tube  is  ip-Rp  averaged 
over  a  cycle. 

In  actual  operation,  the  plate  current  is  not  sinusoidal  but  goes  from 
zero  to  peak  value  and  back  to  zero  in  about  half  the  cycle  and  remains 
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cut  off  during  the  rest  of  the  cycle,  as  illustrated  by  Fig.  4A.  Also, 
instead  of  being  a  pure  resistance,  the  output  circuit  consists  of  a  tuned 
tank  circuit,  Fig.  3>,  into  which  resistance  is  introduced  either  directly 
or  by  coupling  in  some  way.  Thus  the  impedance  of  the  output  cir- 
cuit will  be  a  resistance  to  the  fundamental  frequency  only.  How- 
ever, the  same  general  principles  will  apply  in  this  case  as  in  the  case 


..| 


Lb 

I — "Mmm^ 


Eb 


IF 


1 


^   zo 


Fig.  3 — Schematic  of  amplifier  plate  circuit  with  tuned  output  impedance. 

of  the  sinusoidal  plate  current  and  the  pure  resistance  circuit.  The 
equations  will  be  of  the  same  form  except  that  Zq  must  be  substituted 
for  jRo  as  follows : 

Eb  =  ipRp  +  iaZo,  (lA) 

(2A) 
(3) 


=  Eb  —  i^Zq, 


U 


■ip  —  h, 


lb  =  Average  of  ip  over  1  cycle. 


(4) 


In  this  case  it  must  be  remembered  that  the  wave  of  ip,  and  hence  ^'o, 
instead  of  being  a  simple  sine  wave,  is  a  more  complex  wave  consisting 
of  a  fundamental  frequency  and  numerous  harmonics.  Also  ioZo  is 
the  sum  of  all  such  components  multiplied  by  the  respective  impedances 
presented  to  them  taken  in  their  proper  phases. 

Considering  the  wave  form  of  io  shown  in  Fig.  4B,  which  is  readily 
obtainable  in  practice,  it  should  be  evident  from  inspection  that  it  can 
be  considered  a  cosine  wave  containing  odd  and  even  cosine  terms  and 
may  be  expressed  by 

«o  =  /]  cos  w/  -\-  h  cos  2b)t  +  /s  cos  Swt  -\-  h  cos  4co/  -f  .  .  . 

-f  /„  cos  rnj^t. 
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By  means  of  an  harmonic  analysis  of  this  wave  for  tlie  numerical  values 
indicated  in  Fig.  4B,  the  coefficients  were  found  to  be  approximately 
as  follows: 


h  =  0.96,     h  =  0.543,      h  =  0.140,      U=  -  0.07,     /.,  =  -  0.105, 

/s  =  -  0.043. 

The  voltage  produced  across  the  output  circuit  by  the  wave,  to, 
then  will  be  the  sum  of  the  voltages  produced  by  each  one  of  the  com- 
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Fig.  4 — A.  Pulsating  plate  current   wave,  iy.     B.  Alternating  component   of  plate 

current,  io. 
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ponents  of  /q.  Let  it  be  assumed  that  the  reactances  of  the  output 
circuit  are  300  ohms  each  at  fundamental  frequency  and  that  sufficient 
resistance  has  been  inserted  in  the  inductive  branch  to  make  the  im- 
pedance to  fundamental  frequency  2000  ohms  resistance.  This  will 
require  about  45  ohms  in  series  with  the  inductance.  At  second  har- 
monic frequency,  then,  the  impedance  of  the  inductive  branch  in  com- 
plex notation  is  45  -f  j600  and  that  of  the  capacity  branch  0  —  jl50. 
Without  introducing  much  error  in  the  result  we  may  as  well  write 
+  j600  and  —  il50,  which  in  parallel  give  —  j200.  At  third  harmonic 
frequency  we  have  -f  j900  and  —  j'lOO  which  in  parallel  give  —  jll2.5. 
At  fourth  harmonic  frequency  we  have  -f  jl200  and  —  j75  which  in 
parallel  give  —  j80. 

Thus  the  voltage  produced  by  the  fundamental  will  be 

ei  =  0.96  X  2000  cos  cot  =  1920  cos  cot, 

and  that  produced  by  the  second  harmonic  will  be 

e^  =  0.54  X  200  cos  (2co/  -  90°)  =  108  cos  {2o:t  -  90°), 

and  that  produced  by  the  third  harmonic  will  be 

ez  =  0.14  X  112.5  cos  (3co/  -  90°)  =  15.75  cos  (3co/  -  90°), 

and  that  produced  by  the  fourth  harmonic  will  be 

g4  =  -  0.07  X  80  cos  (4co/  -  90°)  =  5.6  cos  (4a;/  -f  90°), 

etc.  Fig.  5B  shows  to  scale  the  fundamental  and  second  harmonic 
voltages  produced,  and  the  dotted  curve  gives  the  sum.  The  higher 
harmonic  voltages  are  too  small  to  show  on  the  plot.  The  resultant 
is  seen  to  be  very  little  different  from  a  sine  wave.  Therefore,  even 
though  the  wave  io  departs  radically  from  a  sine  wave,  the  voltage 
produced  across  the  output  circuit  is  very  nearly  sinusoidal.  Then 
the  output  power  at  fundamental  frequency  is 

Wo-^-^,  (6) 

where  /i  is  the  peak  value  of  the  fundamental  component  of  io,  and 
Ro  is  the  effective  resistance  of  the  tank  circuit  at  fundamental  fre- 
quency. 

The  output  power  may  also  be  expressed : 


Wo  =  — ^p^^^^p  (7) 


if  /,  =  Kip. 
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Fig.  5 — A.  First  four  components  of  z'o,  Fig.  45.     B.  Alternating  components  of  plate 
voltage  produced  by  z'o  in  output  circuit. 


For  any  constant  value  of  grid  voltage,  the  plate  current  will  be 
some  function  of  the  plate  voltage,  so  that  for  any  peak  value  of  Cg  we 
may  write 

e,™  =/(/,).  (8) 
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Substituting  (8)  in  (7)  we  have 

r„  =  ^'^'■-if^V'  .  (9) 

In  order  for  Wq  to  be  a  maximum, 

Performing  this  operation  on  (9)  and  solving  for  /;,  assuming  K  is  con- 
stant, we  get 

"'     no     "      r,  ^'"^ 

since  f'(Ip)  is  df(l;,)/dlp,  which  is  obviously  rp,  the  differential  plate 
resistance  when  Ip  is  flowing. 
We  may  also  write 

Ro=^^^/^'  (11) 

Substituting  (10)  in  (11)  we  obtain 

i?o  =  g  (12) 

which  gives  the  relation  of  Ro  to  rp  for  maximum  power  output. 

If  we  have  the  ip  —  Cp  curves  for  any  tube  we  may  approximate 
closely  the  point  of  maximum  output  at  any  peak  grid  voltage.  This 
can  be  accomplished  by  a  process  of  cut  and  try  in  finding  where  the 
quantity  (Eb  —  epm)Ip  becomes  a  maximum,  since  K  remains  fairly 
constant,  depending  mostly  on  the  bias  voltage  and  grid  excitation 
voltage,  as  will  be  shown  later.  Also,  for  any  given  output  impedance 
and  peak  grid  voltage,  we  may  find  the  output  from  the  ip  —  e.p  curves 
by  cut  and  try  by  finding  where 


17^ 


=  KRq  [from  (11)] 


is  satisfied.  It  wall  be  noticed  from  Figs.  4A  and  5A  that  I\/Ip  =  0.48. 
In  general,  K  will  be  near  this  value  for  well  loaded  conditions.  The 
actual  value  depends  upon  the  exciting  voltage  and  grid  bias  voltage, 
and  at  low  values  of  excitation  it  may  differ  considerably  from  the 
value  indicated  above  w^hich  may  render  the  cut  and  try  methods 
outlined  subject  to  considerable  error. 

In  addition  to  finding  the  maximum  output  for  a  given  set  of  con- 
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ditions  it  is  desirable  to  know  what  the  shape  of  the  curve  of  output 
current  versus  exciting  voltage  will  be.  The  following  method  deter- 
mines points  on  the  output  curve  by  the  use  of  the  static  characteristic 
of  the  tube. 

In  Fig.  6  is  shown  a  family  of  plate  current  curves  obtained  by  apply- 
ing a  sine  wave  grid  voltage  to  a  three-halves  power  characteristic 
with  a  plate  voltage  consisting  of  a  steady  voltage  plus  a  sine  wave 
180°  out  of  phase  with  the  grid  voltage.  The  different  curves  show 
the  relative  shapes  obtained  by  variation  of  the  grid  bias  so  that  the 
portion  of  the  cycle  during  which  plate  current  flows  is  varied.     It  can 
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Fig.  6 — Curves  of  ip  obtained  from  a  three  halves  power  characteristic  with  sinusoidal 
exciting  voltage  for  varying  periods  of  plate  current  flow. 

be  shown  that  for  any  tube,  no  matter  what  the  actual  values  of  volt- 
ages and  currents  are,  as  long  as  the  portion  of  the  characteristic  under 
consideration  obeys  the  three-halves  power  law,  the  plate  current  waves 
will  correspond  to  those  of  Fig.  6  in  shape  for  the  same  respective 
periods  of  plate  current  flow.  By  means  of  harmonic  analyses,  the 
value  of  K  corresponding  to  each  of  these  shapes  was  calculated  and 
Fig.  7  shows  the  variation  of  K  with  the  number  of  degrees  during 
which  plate  current  flows.  Fig.  8  shows  a  comparison  of  three  possible 
shapes  for  180°  flow  with  the  corresponding  values  of  K.  A  is  the 
unsaturated  curve  of  Fig.  6.  B  shows  a  curve  for  which  the  charac- 
teristic departs  from  the  three-halves  power  law  at  its  upper  end, 
presumably  due  to  the  effects  of  grid  current,  etc.  This  curve  if  un- 
saturated would  have  a  peak  value  about  17  per  cent  higher.     C  shows 
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Fig.  7 — Variation  of  K  with  period  of  flow  for  curves  of  Fig.  6. 
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a  curve  for  which  the  saturation  is  so  pronounced  that  the  grid  current 
drawn  has  caused  a  depression. 

In  actual  tubes  the  static  characteristics  do  not  follow  the  three- 
halves  power  law  exactly,  but  for  the  purposes  of  this  paper  it  is  suffi- 
ciently accurate  to  assume  that  they  do  in  the  portion  where  grid 
current  is  not  appreciable. 

With  the  information  available  from  Figs.  6  and  7,  and  the  static 
characteristic  of  a  tube,  we  should  be  able  to  plot  the  dynamic  char- 
acteristic for  any  value  of  output  impedance.  For  an  example,  let 
Fig.  9  represent  the  static  characteristics  of  a  tube  (Western  Electric 
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Fig.  9 — Static  characteristic  with  lines  of  constant  K  for  2000  ohms  impedance. 
(Western  Electric  No.  251--4  Tube.) 

No.  251-A).  Then  for  some  value  of  output  impedance,  say  2000 
ohms,  let  us  plot  curves  of  constant  K  on  the  static  characteristic 
assuming  £&  =  3000  volts.     Points  on  these  curves  are  found  from 
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which  is  another  form  of  (11).     For  example,  to  find  where  the  K  —  0.5 
curve  crosses  the  £p  =  2000  curve,  we  have  Cpm  ^^  Ep  =  2000,  £&  —  Cpm 


=  1000,  thus 


I.  = 


1000 
0.5  X  2000 


1.0 


(Fig.  9). 
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The  cut-off  point,  or  the  potential  which  the  grid  must  have  to  make 
the  plate  current  just  zero  is  given  by 

e„  cut-off  -  -  — '  .  (13) 

M 

If  we  bias  the  grid  with  this  negative  voltage,  it  may  be  said  to  be 
biased  at  cut-off,  and  if  the  grid  voltage  becomes  more  positive  than 
this  value,  plate  current  will  flow.  Thus  if  we  apply  a  sinusoidal  ex- 
citing voltage,  the  plate  current  will  always  flow  during  180°,  or  half 
the  cycle,  and  for  this  condition  K  =  0.465  from  Fig.  7,  so  the  dynamic 
output  current  curve  will  be  obtained  by  multiplying  the  ordinates  of 
the  K  =  0.465  curve  of  Fig.  9,  by  0.465.  However,  in  the  upper 
portion  where  the  static  characteristics  depart  appreciably  from  the 
three-halves  power  law,  K  will  increase  gradually  (Fig.  8),  so  that  it  is 
more  accurate  to  use  slightly  increasing  values  of  K  in  this  portion. 
(See  table  of  calculations  for  Ec  =  300,  Fig.  10.) 

Eb  =  3000  Volts  Zo  =  2000  ohms 


Peak 

/, 

Watts 

Output 

Ec 

Volts 

Excita- 
tion 
Volts 

Peak  Cn 
Volts 

K 

Amp. 

h 

Amp. 

Amp. 

Output 

if  J'- 

Current 

in  150 
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Fig.  10 — Calculation  of  dynamic  output  characteristics — No.  251-.\  tube. 

If  the  grid  bias  is  more  negative  than  the  cut-oft"  point  (i.e.,  if  the 
tube  is  biased  "below  cut-off"),  the  plate  current  will  not  begin  to 
flow  until  the  grid  potential  has  reached  the  cut-off  point  (13),  and 
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the  portion  of  the  cycle  \n  which  plate  current  flows  will  be  determined 
by  the  number  of  degrees  of  the  cycle  in  which  the  exciting  wave  is 
above  the  cut-off  point.  Thus  in  this  case,  K  will  depend  on  the 
amplitude  of  the  exciting  wave  compared  to  the  difference  between  the 
bias  and  the  cut-off  point.  When  the  amplitude  becomes  large  com- 
pared to  this  difference,  the  period  of  plate  current  flow  approaches 
180°  but  when  the  peak  value  of  the  exciting  wave  just  reaches  the 
cut-off  point,  the  period  of  flow  is  zero.  In  this  case  K  can  vary  from 
almost  0.465  to  zero  depending  on  the  amplitude  of  the  exciting  wave, 
or  if  the  exciting  voltage  is  sufficient  to  produce  a  saturation  effect  in 
the  plate  current  wave,  K  might  exceed  0.465.  This  is  the  case  of  the 
Class  C  amplifier. 

If  the  grid  bias  is  more  positive  than  the  cut-off  point  (i.e.,  if  the 
tube  is  biased  "above  cut-off"),  plate  current  flows  during  360°  of  the 
cycle  until  the  amplitude  of  the  exciting  voltage  is  sufficient  to  reach 
the  cut-off  point.  The  period  of  flow  continues  to  decrease  until  it 
approaches  180°  as  the  amplitude  of  the  exciting  voltage  becomes  large 
compared  to  the  difference  between  the  bias  and  cut-off  potentials. 
Here  K  is  always  greater  than  0.465;  see  Fig.  7.  This  is  the  case  of 
the  Class  B  amplifier. 

Fig.  10  outlines  the  calculation  of  dynamic  characteristics  of  both 
types  from  the  static  characteristics  of  Fig.  9.  In  these  calculations, 
the  cut-off  point  is  assumed  to  be  constant  at  —  300  volts  and  the 
value  of  K  is  obtained  from  Fig.  7  after  determining  the  portion  of  the 
cycle  in  which  the  exciting  voltage  is  above  the  cut-off  point.  For 
Ec  =  —  300  of  course  it  is  always  180°.  For  Ec  =  —  350,  and  a  peak 
exciting  voltage  of  100  volts  for  example,  the  peak  eg  will  be  —  250 
which  will  give  120°  for  the  period  of  flow  and  thus  K  =  0.345  from 
Fig.  7.  Then  on  the  static  characteristic.  Fig.  9,  taking  eg  =  —  250, 
and  by  interpolating  between  the  K  =  0.30  and  K  =  0.35  curves  to 
K  =  0.345  we  find  Ip  =  0.112.  Multiplying  this  by  K  we  get  /i 
=  0.0386.  Changing  to  r.m.s.  value,  squaring  and  multiplying  by 
2000  ohms,  we  obtain  1.49  watts  for  the  output  power.  It  is  then 
determined  that  this  would  represent  a  current  of  0.0995  ampere  in 
the  150-ohm  dummy  antenna  which  was  used  in  the  experimental  work, 
and  which  was  so  coupled  to  the  output  tank  circuit  that  the  impedance 
into  which  the  tube  was  working  was  of  the  value  indicated. 

In  the  calculations  of  Fig.  10,  the  cut-off  point  was  assumed  con- 
stant at  —  Eb/fJL.  However,  it  actually  varies  as  —  ep/jx  and  will 
vary  sinusoidally  if  ep  is  sinusoidal.  No  error  is  introduced  by  this 
fact  in  the  case  of  bias  at  cut-off  (E,..  =  —  300).  However,  in  the 
other  two  cases  an  error  is  introduced.     In  the  case  for  bias  below 
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cut-off  {Ec  =  —  350)  the  amount  of  error  is  indicated  by  the  two 
points  illustrated  in  Fig.  11.  ^  is  the  case  for  a  peak  exciting  voltage 
of  300  volts.  From  the  static  characteristics  of  Fig.  9  we  find  that 
Cpm  will  be  about  2300  volts  which  will  make  —  230  volts,  the  peak  of 
the  real  cut-off  curve  (—  ep/ij.)  and  since  it  is  a  sine  wave  we  can  plot 
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Fig.  11 — Illustrating  method  of  obtaining  actual  period  of  flow  of  plate  current. 
a,  acutal  cut-off  point,  h,  cut-off  point  assumed  in  calculations. 


it  as  shown.  The  error  in  the  period  of  flow  then  will  be  represented 
by  the  difference  between  where  the  c,,  curve  cuts  the  —  300-volt  line 
and  where  it  cuts  the  —  e^l ix  curve.  The  actual  period  of  flow  is 
about  156°  instead  of  160°  as  found  before,  which  would  make  K 
=  0.425  instead  of  0.435.     B  is  the  case  for  a  peak  exciting  voltage  of 
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500  volts  and  by  the  same  procedure  we  find  K  =  0.441  instead  of 
K  =  0.45.  These  errors  are  quite  small  and  do  not  alter  the  result 
appreciably  in  these  cases. 

The  effect  will  be  less  pronounced,  the  higher  the  /x  of  the  tube,  and 
more  pronounced  the  further  the  bias  voltage  is  moved  from  the  cut- 
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Fig.  12 — Calculated  and  experimental  dynamic  characteristics  of  Western  Electric 
No.  251-^  TubeEi  =  3000  volts,  Zo  =  2000  ohms,  ix  =  10. 


off  point.  For  extreme  cases  in  which  more  accuracy  is  desired,  K 
will  be  determined  quite  accurately  by  the  second  approximation 
method  of  Fig.  11.  For  the  case  of  bias  above  cut-off  where  K  is 
always  greater  than  0.465  the  error  in  determining  K  will  be  consider- 
ably smaller  as  K  does  not  vary  greatly  with  the  period  of  flow  in  this 
region;  see  Fig.  7.  In  the  upper  portion  of  the  characteristic  where 
departure  from  the  three  halves  power  law  becomes  appreciable,  the 
increase  in  K  due  to  this  saturation  eff"ect  which  must  be  estimated. 
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Fig.  8,  may  be  greater  than  the  error  produced  by  neglecting  the 
varying  cut-off.  In  this  event  it  would  hardly  be  worthwhile  to  use 
the  method  of  Fig.  11,  except  in  extreme  cases  where  the  bias  differs 
greatly  from  the  cut-off  potential. 

The  dynamic  output  current  characteristics  calculated  in  Fig.  10 
are  shown  plotted  to  scale  in  Fig.  12.  It  should  be  noted  that  for 
the  case  of  bias  above  cut-off  {Ec  =  —  250)  the  curvature  of  the  dy- 
namic is  reversed  at  the  lower  end.  This  will  tend  to  allow  a  better 
approximation  to  a  straight  line  for  the  overall  curve  than  can  be 
obtained  for  curves  of  bias  below  cut-off. 

In  general  the  highest  output  impedance  admissible  will  give  the 
straightest  dynamic  curve  for  a  given  tube.  Comparing  two  tubes  of 
equal  power  rating,  the  one  with  the  highest  mutual  conductance  will 
give  the  straightest  dynamic  characteristic  with  a  given  output  im- 
pedance. 

It  will  be  noticed  that  the  dynamic  curves  tend  to  show  a  saturation 
effect  at  their  upper  ends.  This  is  predicted,  however,  from  the  static 
characteristics.  If  the  grid  excitation  voltage  is  sufficient  to  allow  the 
grid  potential  to  approach  the  plate  potential  very  closely,  the  elec- 
tron current  taken  by  the  grid  will  increase  rapidly.  Since  this  cur- 
rent taken  by  the  grid  would  otherwise  have  been  taken  by  the  plate, 
the  result  is  a  reduction  in  the  value  of  ip  which  causes  the  plate  cur- 
rent characteristic  to  depart  from  the  three-halves  power  law.  A 
slight  saturation  effect  at  the  upper  end  of  the  dynamic  curve  may  help 
the  curve  to  approximate  a  straight  line  more  closely.  The  output 
impedance  may  be  chosen  so  as  to  realize  this  advantage  provided 
the  grid  becomes  positive  during  a  sufficient  portion  of  the  cycle. 

The  Screen  Grid  Tube 
The  foregoing  theory,  with  a  few  alterations,  will  apply  equally  well 
to  the  screen  grid  tube.  In  any  screen  grid  tube  where  the  screening 
is  sufficient  to  reduce  the  grid-plate  capacity  to  the  point  where  opera- 
tion at  high  frequencies  without  neutralization  is  feasible,  the  screen 
voltage  will  determine  the  plate  current  at  a  given  grid  voltage  almost 
entirely,  the  plate  voltage  having  very  little  effect.  In  this  case  the 
cut-off  point  will  be  given  approximately  by 

E^ 
e,,  cut-oft"  = -,  (14) 

where  ju  here  is  the  ju  of  a  three-element  tube  with  the  plate  in  place 
of  the  screen.     A  more  exact  formula  would  be 

e„  cut-off  = ,.    .      x' ,  (15) 

m(1  +  p) 


THE  OPERATION  OF  VACUUM  TUBES  45 

where  m  is  as  defined  above,  and  p  is  the  ampHfication  factor  of  a  three- 
element  tube  considering  the  screen  as  the  grid.  However,  if  p  is  large 
compared  to  /x  and  /x  is  greater  than  1,  the  cut-off  point  is  given  quite 
closely  by  (14). 

In  operation  the  screen  is  by-passed  to  ground  by  a  large  capacity 
so  that  the  screen  potential  will  remain  practically  constant  at  E^  to 
insure  the  effectiveness  of  the  screening  action.  As  the  minimum  plate 
potential  approaches  the  screen  potential,  the  screen  will  begin  to  draw 
appreciable  current  and  thus  cause  a  saturation  effect  in  the  charac- 
teristic similar  to  that  of  the  three-element  tube  when  the  minimum 
plate  potential  approaches  the  maximum  grid  potential.  Also,  as  the 
maximum  grid  potential  approaches  the  screen  potential,  the  grid  will 
begin  to  draw  current  which  will  subtract  from  the  plate  and  screen 
currents,  thus  tending  also  to  cause  a  saturation  effect  in  the  charac- 
teristic. It  would  seem  desirable,  therefore,  that  the  screen  voltage 
be  chosen  somewhere  between  the  maximum  grid  potential  and  the 
minimum  plate  potential,  the  actual  point  depending  on  whether  grid 
current  or  screen  current  is  the  least  desirable.  In  operation  the 
screen  grid  tube  should  give  the  same  type  of  characteristics  as  indi- 
cated in  Fig.  12  and  have  some  advantage  from  the  fact  that  as  a 
high  fj.  tube  it  requires  less  driving  voltage.  However,  the  dynamic 
characteristic  may  tend  to  saturate  sooner  than  it  would  for  the  equiv- 
alent three-element  tube  because  of  the  tendency  of  both  the  screen 
and  the  grid  to  absorb  current  under  the  conditions  mentioned  above. 

Experimental  Results 

In  Fig.  12  along  with  the  curves  calculated  from  the  theoretical 
development  are  shown  the  actual  experimental  curves  obtained  at 
3000  kc  for  the  same  conditions. 

The  following  dynamic  output  current  and  efficiency  curves  of  the 
three-element  tube.  Western  Electric  251-A,  and  the  screen  grid  tube. 
Western  Electric  278-A,  measured  at  3000  kc  are  submitted  to  show 
the  effects  of  various  factors  on  the  dynamic  characteristic.  They 
allow  a  direct  comparison  of  the  three-element  tube  and  the  screen 
grid  tube. 

The  curves  of  Fig.  13  show  the  dynamic  output  currents  and  efifi- 
ciencies  obtained  from  the  three  element  tube  for  the  conditions  indi- 
cated. The  upper  portions  of  these  curves  show  some  saturation  effect 
and  they  are  practically  identical  except  that  they  are  displaced  along 
the  abscissa  by  approximately  the  differences  in  grid  bias.  Fig.  14 
shows  the  effect  of  varying  the  output  impedance  for  the  case  of  bias 
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at  cut-off.     The  relative  effect  for  other  biases  is  practically  the  same 
as  for  the  case  shown. 

Fig.   15  shows  the  dynamic  output  currents  and  efficiencies  for  a 
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ix=  10,  Zo  =  1500  ohms. 


screen  grid  tube  which  is  identical  in  construction  with  the  three- 
element  tube  except  for  the  addition  of  the  screen  between  the  grid 
and  plate.  The  \j.  of  this  tube  considering  the  screen  to  be  the  plate 
is  about  4,  so  that  the  cut-off  bias  is  about  -  EJ\.     The  curves  of 
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Fig.  15  were  taken  with  the  screen  voltage  and  output  impedance  con- 
stant at  400  volts  and  1500  ohms  respectively.  It  will  be  noted  that 
these  curves  show  the  same  general  characteristics  at  the  lower  por- 
tions as  the  curves  of  the  three-element  tube,  Fig.  13,  but  as  predicted 
in  the  theoretical  consideration,  they  tend  to  saturate  more  rapidly 
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in  the  upper  portion.     The  efficiencies  appear  to  be  about  the  same  as 
obtainable  from  the  three-element  tube  at  the  same  outputs. 

Fig.  16  shows  a  comparison  of  the  dynamic  output  curves  at  1500 
ohms  impedance  and  bias  at  cut-off  of  the  screen  grid  tube  for  three 
different  values  of  screen  voltage,  and  of  the  three-element  tube.  In 
addition  the  d-c.  screen  currents  and  grid  currents  are  shown.     The 
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high  IX  effect  of  the  screen  grid  tube  is  responsible  for  the  steeper  dy- 
namic curve.  The  reason  for  the  greater  saturation  effect  at  the  upper 
portion  of  the  curves  for  the  screen  grid  tube  is  apparent  upon  com- 
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Fig.  15 — Dynamic  output  and  efficiency  of  a  screen  grid  tube.     Eb  =  3000  volts, 
£s  =  400  volts,  Zo  =  1500  ohms. 


paring  the  d-c.  screen  and  grid  currents  with  the  grid  current  for  the 
three-element  tube,  since  the  plate  is  being  robbed  of  the  current  taken 
by  grid  and  screen  in  one  case,  and  only  of  the  current  taken  by  the 
grid  in  the  other.     In  Fig.  17,  the  effect  of  the  output  impedance  on 
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the  screen  grid  chnamic  curves  is  shown.  The  effect  is  seen  to  be 
similar  to  that  for  the  three-element  tube,  though  somewhat  more 
pronounced. 


a.i:> 

Es=500^ 

4.25 

Es=400- 

^ 

^ 

>-- 

Es=600_ 

^ 

.^^ 

3  75 
350 

3.25 

(0 

EFFICIENCY 

^ 

/^ 

A 

/three 

-ELEMENT 

/ 

/ 

V 

/ 

^^/ 

J 

/ 

/ 

E.=.0^ 

^ 

^/ 

/ 

<^ 

y 

Es=400^ 

y 

/ 

a. 

Q. 

Z 
2.50 

z 

liJ 

ct  2.25 

cc 

D 
O 

\J 

^ 

^ 

Es=600^ 

^- 

/ 

^ 

'/^ 

/ 

/ 

/ 

/ 

/ 

\three 

ELEMENT 

OUTPUT 

/ 

/ 

/ 

D 
CL 

5    IV5 
O 

/ 

/ 

/ 

/ 

/ 

/ 

1.50 
1.25 

/ 

/ 

/ 

/ 

/- 

/ 

/ 

E5=600  ~ 
Es=500  - 
E 5=400  ^ 
Es=400  ^ 
Es=500  ^ 
Es=600  ^ 

^^ 

^' 

/ 

/     / 

/ 

/ 
/ 

E 

/ 

V 

^ 

/ 

/ 

/ 

>^ 

^ 

y 

^ 

O.jO 

/ 

SCRE 
GRID 

EN 

/ 

^ 

^ 

^ 

0.25 
0 

^ 

y' 

^ 

i 

^ 

^three' 

ELEMENT 

40  L> 


300  400  500 

PEAK   EXCITING  VOLTAGE 


Fig.  16 — Dynamic  output  and  efficiency  of  a  screen  grid  tube  compared  to  that  of 
a  three-element  tube.     £;,  =  3000  volts,  Ec  at  cut-off  Zo  =  1500  ohms. 


50 


BELL  SYSTEM  TECHNICAL  JOURNAL 


2  2.25 


y 

,^ 

/ 

/ 

/ 

/ 

{/ 

f 

Zo=l800<^ 

</ 

Zo=l500^ 

7/ 

// 

-^=1200" 

/ 

/, 

/ 

/ 

// 

/ 

^ 

OUTPUT 

/ 

7 

k 

^ 

/ 

// 

/ 

/^ 

^o  ^ 

^r,^ 

^ 
y 

/ 

A 

// 

f 

r>'^ 

// 

/ 

Z 

/. 

/ 

/' 

^ 

/ 

A 

/ 

EFFICIENCY 

/■ 

^ 

:^ 

'y 

y 

^ 

^ 

'^ 

200  300  400  500 

PEAK    EXCITING    VOLTAGE 


Z 

UJ 

60  O 


40  O 


30,7 


Fig.  17 — Djmamic  output  and  efficiency  of  a  screen  grid  tube.     Eh  =  3000  volts, 
Eo=  -  100,  Es  =  400  volts. 


Conclusions 

It  has  been  shown  from  both  theory  and  experiment  that  there  is  a 
marked  difference  between  the  dynamic  output  characteristics  of  Class 
B  and  Class  C  amphfiers  as  defined,  particularly  in  the  lower  portion 
of  the  curves.  This  difference  is  the  more  pronounced  the  farther  the 
grid  bias  voltage  is  moved  from  the  cut-off  point.  In  general,  Class  C 
operation  is  more  efficient  than  Class  B  operation  because  the  flow  of 
plate  current  is  limited  to  a  smaller  portion  of  the  cycle  which  includes 
the  portion  in  which  the  plate  voltage  is  lowest. 

It  must  be  borne  in  mind  that  in  a  radio  telephone  transmitter  where 
modulation  is  effected  at  low  power  level  and  the  modulated  carrier 
amplified,  the  dynamic  characteristic  of  the  output  current  will  be  the 
resultant  of  the  dynamic  characteristics  of  all   of  the  intermediate 
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Stages  from  the  modulating  stage  through  the  final  amplifier  stage.  In 
certain  cases  distortion  in  one  stage  might  be  fairly  well  compensated 
for  by  suitably  shaping  the  characteristic  of  the  following  stage  through 
choosing  proper  values  of  bias  voltage  and  output  impedance. 

It  may  be  concluded  from  both  theory  and  experiment  that  the 
screen  grid  tube  functions  in  general  similarly  to  the  three-element 
tube  and  is  capable  of  giving  about  the  same  output  efficiency.  It 
possesses  the  property  of  the  high  ^t  tube  in  giving  greater  output  for 
a  given  exciting  voltage  in  the  portion  of  the  dynamic  characteristic 
where  saturation  has  not  become  noticeable,  but  the  dynamic  charac- 
teristic shows  saturation  much  sooner  than  that  of  the  three-element 
tube.  The  screen  grid  tube  also  has  the  property  that  the  output 
impedance  has  very  little  effect  on  the  input  circuit  which  will  allow 
some  shaping  of  the  dynamic  characteristic  without  affecting  the  driv- 
ing power. 

The  fact  should  be  mentioned  that  the  so-called  internal  impedance, 
or  plate  impedance  of  the  tube,  such  as  might  be  measured  on  a  bridge 
for  small  amplitudes  of  plate  current  swing,  bears  no  very  close  rela- 
tion to  the  impedance  of  the  output  circuit  into  which  it  should  work 
in  Class  B  or  Class  C  operation.  Reference  to  this  plate  impedance 
is  quite  misleading  unless  the  part  of  the  characteristic  from  which  it 
is  taken  is  given,  since  it  varies  greatly  over  the  characteristic.  For 
the  screen  grid  tube  mentioned  the  internal  plate  impedance  is  of  the 
order  of  100,000  ohms,  w-hereas  it  w^as  working  with  an  output  im- 
pedance of  the  order  of  1500  ohms. 

Table  of  Symbols 
Eh   =  d-c.  plate  voltage 
Ec    =  d-c.  grid  voltage 
Eg   =  screen  grid  voltage  (held  constant) 
ep    =  instantaneous  plate  potential 
eg     =  instantaneous  grid  potential 
Cpm  =  minimum  plate  potential 

e\     =  instantaneous  value  of  fundamental  frequency  component  of 

alternating  plate  voltage 
Cn     =  instantaneous  value  of  n^''  harmonic  component  of  alternating 

plate  voltage 
h    =  d-c.  plate  current 
Ip    =  peak  value  of  plate  current 
ip     =  instantaneous  value  of  plate  current 
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hi 


h 


=  instantaneous  value  of  alternating  component  of  plate  current 

=  instantaneous  value  of  fundamental  frequency  component  of 
alternating  plate  current 

=  instantaneous  value  of  n^''  harmonic  component  of  alternating 
plate  current 

=  peak  value  of  fundamental  frequency  component  of  alternating 
plate  current 
7,^    =  peak  value  of  n*''  harmonic  component  of  alternating  plate  cur- 
rent 

u      =  amplification  factor  of  tube  =      -— ^ 

K    =  h/I, 

Wq  =  power  output  in  watts 

Zo    =  output  impedance  =  Rq,  a  resistance  at  fundamental  frequency 

Rp   =  instantaneous  internal  resistance  of  the  tube 

Tp     =  differential  plate  resistance  of  tube  at  any  point 

ACr 


tp  constant 


At, 


eg  constant 


The  Time  Factor  in  Telephone  Transmission  * 

By  O.  B.  BLACKWELL 

Until  comparatively  recent  years  the  telephone  engineer  gave  little  at- 
tention to  transmission  time  in  his  problems.  For  all  practical  purposes 
he  could  assume  that  speech  was  transmitted  instantly  between  the  ends  of 
telephone  circuits.  The  rapid  extension  of  the  distances  over  which  com- 
mercial telephony  is  given  and  the  introduction  of  long  telephone  cables  has 
changed  the  situation  and  has  introduced  time  problems  in  telephone  trans- 
mission which  are  of  large  technical  interest  and  difficulty.  As  a  result,  time 
problems  are  receiving  more  consideration  in  the  technical  papers  published 
in  recent  years  on  transmission.  The  accompanying  bibliography  lists  a 
considerable  number  of  such  papers.  There  seems  to  be  no  paper,  however, 
giving  a  general  over-all  picture  of  this  subject.  The  present  paper  gives 
briefly  such  a  picture. 

THE  time  factor  introduces  five  different  types  of  problems  in 
telephone  transmission : 

1.  A  Slowing-Doitm  of  Telephone  Communication.  In  talking 
over  long  lengths  of  certain  types  of  cable,  the  time  interval  between 
the  formation  of  a  sound  by  the  speaker  and  its  reception  by  the  listener 
may  become  of  sufficient  magnitude  to  slow  down  conversation.  This 
is  not  a  serious  matter  with  the  types  of  circuits  now  used  in  the  United 
States,  even  for  the  longest  distances  between  points  in  this  country. 
It  does,  however,  become  of  considerable  importance  when  we  consider 
the  joining  together  of  long  lengths  of  cable  in  this  country  and  long 
lengths  in  Europe  with  possibly  long  lengths  of  intervening  submarine 
cable. 

2.  Delay  Distortion.  Difference  in  the  speed  of  transmission  over 
a  circuit  of  the  different  frequencies  which  make  up  speech.  This  may 
introduce  peculiar  distortions  in  speech  which  cause  considerable  inter- 
ference. 

3.  Echo  Effects.  These  arise  from  the  fact  that  parts  of  the  energy 
transmitted  over  a  circuit  may  be  reflected  back  from  points  of  irregu- 
larity in  it,  particularly  at  the  ends.  Small  amounts  of  the  energy  may 
wander  back  and  forth  over  a  circuit  two  or  more  times.  While  these 
echoes  may  affect  both  the  talker  and  listener,  they  generally  have  the 
greatest  effect  on  the  talker  who  may  have  an  uneasy  feeling  that  the 
distant  party  wishes  to  break  in  on  the  conversation. 

4.  Effects  of   Voice-Operated  Devices.     To  overcome  echoes,   and 

*  Presented  at  the  South  West  District  Meeting  of  the  A.  I.  E.  E.,  Kansas  City 
Mo.,  October  22-24,  1931. 
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under  some  conditions  to  hold  circuits  stable,  it  has  become  the  prac- 
tise of  connecting  into  certain  types  of  circuits,  relay  devices  operated 
by  the  transmitted  speech  currents  which  render  inoperative  trans- 
mission in  the  opposite  direction.  In  some  cases  delay  in  transmission 
may  be  an  advantage  in  the  operation  of  such  devices.  In  other 
cases  it  may  introduce  serious  difficulties.  Conditions  may  be  set  up 
in  which  it  is  difficult  for  one  party  to  interrupt  the  other.  In  other 
cases,  portions  of  conversations  may  be  locked  out.  If  the  voice- 
operated  devices  are  not  properly  adjusted  or  if  considerable  noise  is 
present,  the  devices  may  not  function  properly  and  speech  mutilation 
may  result. 

5.  Fading.  In  radio,  the  well-known  phenomenon  of  fading  is 
due  to  waves  arriving  at  the  receiver  over  different  paths,  the  trans- 
mission times  of  which  are  such  as  to  cause  alternate  strengthening  and 
weakening  of  the  received  signal  by  alternate  phase  agreement  and 
opposition.  While  this  factor  is  mentioned  here  for  completeness,  it  will 
not  be  discussed  further  as  it  is  beyond  the  scope  of  this  paper  to  discuss 
the  problems  introduced  when  there  is  more  than  a  single  path  between 
the  sending  and  receiving  ends  of  a  circuit.  The  present  paper  is 
limited  to  the  conditions  which  hold  where  not  more  than  one  path  is 
involved  in  the  transmission  in  each  direction. 

Speed  of  Transmission 

Before  considering  these  problems  in  more  detail  it  would  be  well  to 
define  what  is  meant  by  the  speed  of  transmission  over  a  circuit. 
There  are  several  speeds  which  may  have  significance  according  to  the 
problem  involved. 

Whenever  a  change  in  applied  voltage  is  made  at  one  end  of  a  circuit, 
some  evidence  of  this  is  transmitted  over  the  circuit  to  the  receiving 
end  at  the  speed  of  light.  In  general,  however,  except  in  radio,  no 
sufficient  action  to  be  of  use  is  transmitted  at  this  speed  and  it  is  largely 
of  theoretical  importance. 

The  speed  which  the  engineer  generally  has  in  mind  in  thinking  of 
line  transmission  is  the  speed  at  which  the  crests  or  the  troughs  of  the 
waves  pass  along  the  line  when  a  single-frequency  potential  is  contin- 
uously applied  at  the  sending  end.  This  usually  is  referred  to  as  the 
speed  of  phase  transmission  in  the  steady  state.  While  this  usually 
approximates  the  speed  in  which  we  are  interested,  it  may  in  particular 
cases  differ  considerably  from  it.  In  fact,  in  certain  types  of  artificial 
circuits  the  crests  and  troughs  of  the  waves  travel  toward  rather  than 
away  from  the  sending  end. 

This  speed  may  best  be  explained  as  follows: 
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Since  the  speed  of  transmission  in  generally  different  for  different 
parts  of  the  frequency  range,  for  simplicity  a  particular  narrow  fre- 
quency range,  say  between  the  frequencies  .Vi  and  .^2,  is  considered. 
It  is  supposed  that  electrical  filters  are  applied  to  the  circuit  limiting  the 
frequencies  over  it  to  approximately  this  range.  If  then,  a  voltage 
having  a  frequency,  say  at  midpoint  of  this  narrow  range,  is  applied 
to  the  circuit  for  a  short  interval  and  then  removed,  the  speed  at  which 
the  disturbance  thus  set  up  travels  down  the  circuit  is  the  speed  in 
which  we  are  interested.  A  spurt  of  energy  of  this  type  is  evidently 
similar  to  that  which  takes  place  in  carrier  telegraph  systems  when  a 
dot  impulse  is  applied  to  the  circuit.  This  speed  can  be  looked  at, 
therefore,  as  that  of  carrier  telegraph  signals  so  formed. 

The  speeds  on  this  basis  of  a  number  of  standard  constructions  which 
represent  good  engineering  practise  today  are  approximately  as  follows: 

Approximate  speed  in 
Type  of  circuit  miles  per  second 

Cable  circuits  loaded  with  88-mh.  coils  at  3,000-ft.  spacing. .  .  .    10,000 
Cable  circuits  loaded  with  44-mh.  coils  at  6,000-ft.  spacing. .  .  .    20,000 

Cable  pairs  of  non-loaded  16  B.  &  S.  gage 130,000 

Non-loaded  open-wire  pairs 180,000 

Radio 186,000 

Causes  of  Time  Lag  ix  Transmission 

A  pair  of  wires  of  zero  resistance  in  free  space  separated  from  all 
other  conductors  and  without  leakage  would  transmit  electrical  waves 
over  it  at  the  speed  of  light.  It  will  be  noted  from  the  above  table  that 
non-loaded  open  wires  transmit  at  a  speed  not  differing  widely  from  this. 
What  retardation  exists  comes  largely  from  the  glass  insulators  which 
cause  an  increase  in  capacity  and  the  resistance  of  the  wires,  which 
causes  an  effective  increase  in  inductance. 

In  cable  circuits  there  is  still  further  retardation  by  the  increase  in 
the  capacity  between  the  wires  because  of  the  necessity  of  using  a 
certain  amount  of  solid  dielectric  and  particularly  from  the  increase  in 
the  inductance  of  the  wires  when  loading  coils  are  inserted  in  them  to 
decrease  attenuation. 

In  actual  circuits  there  is  still  some  further  retardation  by  the  ap- 
paratus which  is  necessarily  inserted  at  the  terminals  and  at  inter- 
mediate points  along  the  circuit.  The  figures  given  in  the  above  table 
are  for  the  bare  circuits.  The  delays  caused  by  apparatus  will,  in 
general,  reduce  these  speeds  from  10  to  25  per  cent. 

Slowing- Dow^N  of  Telephone  Conversation 

Considering  the  first  of  the  above  factors,  it  is  noted  that  so  long  as 
the  speaker  at  one  end  of  a  telephone  circuit  continues  to  talk,  the 
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listener  at  the  other  end  will  hear  the  speech  in  proper  time  relation, 
independent  of  how  much  absolute  delay  there  is  in  going  from  one 
end  of  the  circuit  to  the  other.  However,  when  the  speaker  asks  a 
question  and  waits  for  the  answer,  the  slowing-down  effect  on  his  con- 
versation will  evidently  be  the  time  of  transmission  of  his  question  to 
the  distant  end  and  the  transmission  back  from  the  distant  end  of  the 
answer.  Considering  the  speed  shown  in  the  table,  however,  consider- 
ation may  be  taken  of  the  fact  that  the  non-loaded  constructions,  both 
open  wire  and  cable,  and  the  radio,  are  of  such  high  speed  that  con- 
versations could  be  carried  on  over  them  for  the  longest  distance  be- 
tween places  in  the  world  without  appreciable  difficulty.  This,  how- 
ever, is  not  the  case  for  the  loaded  construction.  Assume,  for  example, 
that  a  length  of  4,000  miles  would  cover  the  wire  line  distance  between 
any  two  points  in  this  country.  For  the  slowest  construction  noted, 
an  interval  of  0.8  second  is  required  for  transmission  to  the  distant  end 
and  return.  While  it  is  possible  to  carry  on  conversation  over  a  circuit 
with  this  delay,  it  is  larger  than  is  considered  desirable.  The  faster 
of  the  loaded  constructions  shown  would  give  a  delay  over  circuits  of 
this  length  which  represents  somewhere  about  the  limit  of  what,  at  the 
present  time,  is  considered  satisfactory.  Incidentally,  the  slowest 
of  the  constructions  shown,  for  this  and  other  reasons,  is  not  proposed 
for  use  except  for  comparatively  short  distances. 

Communication  engineers  must  look  forward  to  the  time  when  the 
longest  cable  distances  in  North  America  are  connected,  in  some  cases  by 
submarine  cable,  to  long  lengths  of  cable  in  Europe.  With  this  as  an 
ultimate  objective,  this  matter  of  the  direct  effect  of  delay  on  conver- 
sation has  become  of  considerable  interest. 

An  appreciation  of  the  transmission  time  on  long  telephone  circuits 
may  perhaps  be  gained  by  considering  the  distance  required  to  produce 
an  equivalent  delay  of  sound  waves  traveling  in  air.  For  example,  it 
takes  about  as  long  for  a  radio  wave  to  travel  half  way  around  the  earth 
at  the  equator  as  it  does  for  a  sound  wave  to  travel  from  one  speaker 
to  another  when  the  distance  separating  them  is  about  75  ft.  Inci- 
dentally, the  time  required  for  a  radio  wave  to  travel  from  the  earth 
to  the  planet  Mars  would  be  from  about  3  to  20  minutes,  assuming  that 
it  got  there  at  all.  Evidently  if  we  have  neighbors  on  Mars  we  can 
never  hope  to  carry  on  conversation  with  them. 

Telephone  engineers  have  devoted  considerable  attention  to  the 
effects  of  delay  on  the  telephone  users  in  an  effort  to  determine  how 
far  the  electrical  waves  should  be  permitted  to  travel  over  different 
types  of  circuits.  Since  the  present  constructions  do  not  offer  any 
particular  difficulties,  for  the  distances  now  in  use,  a  look  into  the  fu- 
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ture  has  been  taken  liy  means  of  artificial  delay  circuits.  One  method 
has  been  to  loop  back  and  forth  loaded  conductors  in  a  cable  until  the 
desired  delay  was  obtained      Another  method  has  been  to  record  the 


Fig.  1 — Acoustic  delay  circuits. 

talkers'  waves  on  a  phonograph  and  pick  up  the  impressions  with  a 
second  needle,  displaced  the  desired  amount  from  the  first  so  as  to 
introduce  delay  into  the  conversation. 

HIGH    QUALITY        

^^-''^        LOUDSPEAKER   UNITS  "^^ 


TRANSFORMER 


TRANSFORMER 


Fig.   2 — Acoustical  delay  circuit  showing  two  high-quality  loudspeakers  with  one 
connected  to  each  end  of  tube  forming  delay  circuit. 

Considerable  use  has  also  been  made  of  pipes  or  "acoustic"  delay 
circuits.  Fig.  1  shows  an  illustration  of  a  brass  pipe  delay  circuit 
used  in  experimental  work.  Fig.  2  shows  the  circuit  in  schematic 
form.  In  addition  to  the  pipe,  w^hich  is  looped  back  and  forth  to 
conserve  space,   the  circuit  involves  telephone  receivers  at  the  two 
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ends.  The  one  at  the  sending  end  converts  electrical  energy  into  sound 
which  is  transmitted  through  the  pipe  and  the  one  at  the  receiving  end 
converts  the  sound  waves  back  into  electrical  energy.  The  pipes  are 
quite  suitable  because  they  have  approximately  the  same  delay  at  all 
frequencies.  Various  devices  are  required  to  reduce  the  reflections 
which  occur  at  the  junction  of  the  pipe  and  the  receiver  and  to  equalize 
the  attenuation. 

Using  devices  of  this  nature,  experimenters  have  found  it  possible 
to  talk  fairly  conveniently  over  circuits  representing  time  intervals  as 
great  as  0.7  second  in  each  direction.  So  great  delays  would  be  con- 
sidered undesirable  for  commercial  use,  however.  Delays  of  about  a 
third  of  this,  in  general,  are  considered  about  the  maximum  which  is 
satisfactory. 

Delay  Distortion 

In  designing  circuits  which  are  electrically  long,  care  must  be  exer- 
cised to  insure  that  the  transmission  times  for  all  frequencies  in  the 
transmission  range  are  sufficiently  alike  to  avoid  objectionable  tran- 
sient phenomena.  These  eff"ects  may  occur  in  one-way  circuits  as 
well  as  in  two-way  circuits  and  are  not  related  to  echo  effects. 

The  appearance  of  these  transients  to  the  listener  depends  on  whether 
the  excess  delay  is  at  low  frequencies  or  at  high  frequencies.  It  is 
rather  difficult  to  describe  the  characteristic  sound  of  a  circuit  with 
low-frequency  delay.  A  high-frequency  delay,  if  it  is  in  an  extreme 
form,  sounds  as  though  a  high-pitched  reed,  such  as  a  harmonica  reed, 
was  being  plucked  whenever  there  is  a  sudden  transition  in  the  voice 
sounds  being  transmitted  over  the  circuit. 

The  characteristic  effects  of  transients  are  conveniently  described  by 
the  aid  of  oscillograms  of  spurts  of  alternating  current  taken  before 
and  after  being  sent  over  circuits  having  various  delay  characteristics. 
To  begin  with,  it  must  be  recalled  that  when  any  wave  shape  is  applied 
to  a  circuit,  the  transmitted  wave  in  the  circuit  can  be  expressed  as  the 
sum  of  the  series  of  sinusoidal  waves  whose  frequencies  range  from  very 
low  to  very  high  values. 

In  the  case  where  a  sinusoidal  wave  of  frequency  F  is  suddenly  ap- 
plied to  the  sending  end  of  the  line,  the  effect  may  therefore  be  ex- 
plained as  due  to  an  infinity  of  sinusoidal  waves  so  proportioned  and 
phased  as  to  add  up  to  zero,  up  to  the  instant  of  application  of  the  wave, 
and  to  equal  the  steady-state  value  of  the  wave  at  that  instant.  Of 
these  waves,  the  most  important  have  frequencies  close  to  F.  They 
are  propagated  over  the  line  individually  with  a  velocity  correspond- 
ing to  the  frequency.     If  the  velocity  of  the  line  is  the  same  for  all 
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frequencies,  they  will  evidently  add  up  to  give  the  same  over-all  wave 
shape  at  the  receiving  end  of  the  line  as  at  the  sending  end. 

If,  on  the  other  hand,  the  velocity  is  not  the  same  for  all  frequencies, 
there  will  be  more  or  less  distortion  and  transients  in  establishing  the 
wave,  though  ultimately  the  pure  wave  of  frequency  F  will  be  estab- 
lished. Several  oscillograms  \\'\\\  be  shown  to  indicate  transient  effects 
which  are  experienced  under  various  conditions. 

Fig.  3  is  an  oscillogram  showing  a  spurt  of  1,600-cycle  current  as 
applied  to  and  received  from  a  loaded  circuit  having  fairly  large  delays 
in  the  upper  part  of  the  transmitted  range  compared  to  the  delay  at 


Fig.  3 — -Transients  in  522  miles  of  medium  heavy  loaded  repeatered  circuit.     Upper 
trace — transmitted  1600-cycle  wave.     Lower  trace — received  wave. 

lower  frequencies.  Remembering  the  nature  of  the  oscillations  at  the 
beginning  and  end  of  the  applied  spurt,  it  will  be  observed  that  the  cur- 
rent at  the  receiving  end  consists  at  first  of  a  fairly  low  frequency  which 
builds  up  in  frequency  and  magnitude  to  the  steady-state  value.  At 
the  end  of  the  spurt  the  same  transient  is  experienced,  but  in  this  case 
the  higher  frequency  currents  which  have  been  delayed  in  the  line  are 
at  the  tail  end  of  the  train. 

Fig.  4  shows  a  200-cycle  current  with  many  harmonics  of  higher  de- 
gree transmitted  over  a  circuit  having  large  delay  at  low  frequencies. 
It  will  be  noted  that  these  high  or  harmonic  frequencies  are  received 
in  advance  of  the  200-cycle  w^ave.  This  is  because  the  200-cycIe  wave 
is  subject  to  appreciable  delay  while  the  higher  frequencies  are  not. 
This  circuit,  while  actually  made  up  of  artificial  networks,  had  char- 
acteristics similar  to  certain  types  of  long  cable  circuits  for  the  lower 
part  of  the  telephone  frequency  range. 
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Fig.  5  shows  transient  effects  of  a  600-mile  composited  19-gage  H-174 
side  circuit.  The  zero  lines  of  the  three  curves  of  this  figure  show  slight 
effects  of  crosstalk  and  other  interference.  These  effects  are  not,  how- 
ever, of  sufficient  magnitude  to  interfere  with  the  general  appearance 
of  the  signals.     The  upper  line  shows  the  applied  1,000-cycle  current. 


Fig.  4 — Transients  in  174  sections  of  high-pass  filter  (cutoff  frequency  107  cycles). 
Upper  trace— transmitted  200-cycle  wave  with  harmonics  obtained  from  an  over- 
loaded amplifier.     Lower  trace — received  wave. 

The  next  line  shows  the  current  as  it  was  received  at  the  end  of  the 
line.  The  transients  which  are  produced  at  the  beginning  and  ending 
of  the  signals  are  evident. 

By  the  insertion  of  proper  networks  it  is  possible  to  correct  for  dis- 
tortions of  this  kind.     In  the  last  line  there  is  shown  the  received  cur- 


Fig.  5 — Correction  of  transients  in  600  miles  of  medium  heavy  loaded  cable  circuit 
through  use  of  delay  correcting  network.  Upper  trace — transmitted  1000-cycle 
wave.  Middle  trace — wave  received  from  line  and  applied  to  delay  correcting 
network.     Lower  trace — wave  received  from  delay  correcting  network. 


rent  when  a  delay  correcting  network  of  this  kind  is  applied  in  series 
with  the  circuit.  It  should  be  noted  that  while  the  delay  in  the  recep- 
tion of  the  signal  is  somewhat  increased  (as  shown  by  the  displacement 
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of  the  whole  signal  farther  to  the  right)  the  transients  at  the  beginning 
and  stopping  of  the  signal  are  very  much  reduced. 

Echoes 

In  designing  telephone  circuits  which  are  electrically  long,  an  import- 
ant problem  is  presented  by  the  necessity  of  avoiding  echo  effects. 
These  are  caused  by  reflection  of  electrical  energy  at  points  of  discontin- 
uity in  the  circuit  and  are  very  similar  to  echoes  of  sound  waves  in  an 
auditorium.  The  reflected  waves  are  usually  considered  as  echoes 
when  there  is  an  appreciable  delay  with  respect  to  direct  transmission. 
Some  of  the  reflected  waves  return  to  the  receiver  of  the  talker's  tele- 
phone so  that  if  the  efi"ects  are  severe  he  may  hear  an  echo  of  his  own 
words.  Other  reflected  waves  enter  the  receiver  of  the  listener's  tele- 
phone and,  if  severe,  cause  the  listener  to  hear  an  echo  following  the 
directly  received  transmission. 

Reflections  of  voice  waves  occur  in  all  practical  telephone  circuits. 
It  is  only  in  telephone  circuits  of  such  length  as  to  require  a  number  of 
repeaters,  however,  that  echo  efi"ects  become  serious.  The  fact  that 
the  circuits  are  electrically  long  makes  the  time  lag  of  the  echoes  ap- 
preciable. At  the  same  time,  the  telephone  repeaters  overcome  the 
high  attenuation  in  these  long  circuits  and  consequently  make  the 
echoes  louder.  The  seriousness  of  the  eff"ect  is  a  function  of  both  the 
time  lag  and  the  volume  of  the  echo  relative  to  the  direct  transmission, 
becoming  greater  when  these  are  increased. 

In  telephone  circuits  the  most  important  points  of  discontinuity 
are  usually  the  two  ends  of  the  circuit.  In  a  four-wire  telephone  circuit 
these  are  the  only  points  of  discontinuity. 

Fig.  6  shows  a  schematic  diagram  of  a  four-wire  telephone  circuit 
and  a  schematic  representation  of  the  direct  transmission  over  the 
circuit,  together  with  the  various  talker  and  listener  echoes  which  are 
set  up.  The  rectangles  at  the  extreme  right  and  left  are  intended  to 
represent  the  telephone  sets  used  by  two  subscribers  at  the  west  and 
east  terminals  of  the  circuit.  The  rectangles  marked  N  represent  elec- 
trical networks  which  simulate  or  balance  more  or  less  perfectly  the 
impedance  of  the  telephone  sets.  In  the  four-wire  circuit  the  rec- 
tangles with  arrows  represent  one-way  repeaters  or  amplifiers.  At 
each  terminal  the  two  separate  one-way  circuits  comprising  the  four- 
wire  circuits  are  joined  together  by  means  of  the  familiar  balanced 
transformers.  When  the  subscriber  at  W  talks,  the  transmission 
passes  to  E  over  the  upper  path  in  the  four-wire  circuit.  This  is  in- 
dicated by  the  heavy  line  labeled  "Direct  Transmission"  in  part  b  of 


62 


BELL   SYSTEM   TECHNICAL   JOURNAL 


the  figure.     When  subscriber  E  talks,  transmission  passes  over  the 
lower  path  in  a  similar  manner. 

Considering  part  b  of  the  figure,  it  will  be  noted  that  when  direct 
transmission  is  received  at  the  east  end  of  the  circuit,  a  portion  of  the 
current  passes  to  the  opposite  side  of  the  four-wire  circuit  and  is 
transmitted  to  the  subscriber  at  the  west  end  as  a  talker  echo.  Sim- 
ilarly, a  portion  of  this  talker  echo  is  transmitted  over  the  upper  part 
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Fig.  6— Echoes  in  four-wire  circuit. 

of  the  circuit  to  the  listener  at  the  east  end  of  the  circuit  as  a  listener 
echo.  Successive  talker  and  listener  echoes  follow  this,  as  indicated 
in  the  diagram.  If  the  networks  at  the  two  ends  of  the  circuit  can  be 
made  to  simulate  accurately  the  subscriber  circuits,  none  of  these 
echoes  will  exist.  A  high  degree  of  simulation,  however,  is  impractic- 
able in  an  economical  telephone  plant  under  usual  conditions.  In 
two-wire  circuits  with  many  repeaters  the  echo  paths  may  become  very 
complicated. 

An  interesting  case  of  "echoes"  is  that  which  may  be  produced 
when  two  radio  stations  are  sending  out  the  same  program  at  the  same 
wavelength.  The  program  as  received  by  one  of  these  stations  over 
wire  circuits  is,  of  course,  slightly  delayed  with  respect  to  a  station 
nearer  the  source  of  the  program.  It  is  possible,  then,  for  a  receiving 
set  properly  located  to  receive  both  of  these  stations,  in  which  case  if 
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the  time  difference  is  sufficient  one  of  them  will  sound  like  an  echo  of 
the  other.  In  this  case  there  may  be  the  added  peculiarity  that  if  the 
weaker  station  is  the  one  at  which  the  program  is  received  first  it  will 
appear  that  the  "echo"  is  in  advance  of  rather  than  following  the  sound 
which  appears  to  cause  it. 

Time  Effects  with  Voice-Operated  Devices 

Switching  devices  operated  by  the  voice  currents  themselves  are 
frequently  introduced  into  long  telephone  circuits.  In  general,  the 
effect  of  such  devices  is  to  render  inoperative  transmission  in  the 
direction  opposite  to  that  of  the  speech  waves  which  are  going  over  a 
circuit  at  the  particular  instant.  The  first  use  of  any  considerable 
importance  to  which  such  devices  were  put  was  in  connection  with 
long  circuits  for  the  purpose  of  preventing  the  building-up  of  undesir- 
able echoes.  More  recently,  however,  long  radio  telephone  circuits 
have  come  into  use.  These  circuits  may  vary  rapidly  in  transmission 
effectiveness.  If  these  circuits  are  arranged  to  be  operative  in  both 
directions  at  a  time  it  would  be  very  difficult  to  prevent  their  becoming 
unstable  and  possibly  setting  up  oscillations.  For  this  reason  such 
circuits  are  frequently  operated  with  switching  arrangements  such  that 
the  circuits  leading  to  both  transmitting  stations  are  normally  disabled 
and  rendered  inoperative.  When  a  subscriber  speaks  at  either  end, 
therefore,  the  voice  currents  must  operate  switching  devices  which 
restore  the  circuits  leading  to  his  transmitting  station.  Incidentally, 
this  must  render  inoperative  the  receiving  circuit  at  the  same  time. 

A  very  interesting  application  of  time  delay  has  been  made  in  connec- 
tion with  radio  systems  so  operated.  In  this  arrangement  the  voice 
currents  when  they  reach  the  disabling  point  are  passed  through 
an  artificial  line  in  which  a  desired  amount  of  delay  is  incorporated. 
Just  before  entering  this  line  a  fraction  of  the  energy  is  taken,  rectified, 
and  made  to  operate  the  switching  mechanism  for  restoring  the  circuit 
to  operating  condition.  This  switching  is  so  arranged  as  to  be  com- 
pleted by  the  time  that  the  voice  currents  have  passed  through  the 
artificial  delay  circuit  and  are  ready  to  proceed  down  the  line.  If  it 
were  not  for  this  arrangement  a  small  part  of  the  speech  currents  might 
be  dissipated  during  the  interval  while  the  switching  mechanisms  were 
operating. 

Fig.  7  is  similar  to  Fig.  6  noted  above  with  the  exception  that  the 
application  of  an  echo  suppressor  is  shown. 

When  the  subscriber  at  the  left  of  the  drawing  begins  to  talk,  the 
waves  set  up  in  his  telephone  are  transmitted  over  the  upper  part  of 
the  circuit.     Upon  reaching  the  input  of  the  echo  suppressor,  a  small 
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part  of  the  energy  is  diverted  to  short  circuit  the  lower  branch  of  the 
circuit,  as  indicated.  Meanwhile,  the  main  transmission  passes  on  to 
the  subscriber  at  the  right.  Echoes  which  return  in  the  lower  part  of 
the  circuit  are  blocked  as  indicated.  After  the  talker  has  ceased 
speaking,  the  device  remains  operative  for  a  time  equal  to  the  delay 
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Fig.  7 — Echo  suppressor  cutting  off  echo  in  four-wire  circuit. 


of  the  echo  as  measured  from  the  input  of  the  device  to  the  disabling 
point  plus  an  additional  time  to  take  care  of  echoes  in  the  circuit  be- 
tween the  four-wire  terminal  and  the  subscriber. 

When  the  suppressor  releases,  the  circuit  is  again  free  to  transmit 
in  either  direction.  When  the  right-hand  subscriber  talks,  the  action  is 
similar  except  that  the  other  half  of  the  echo  suppressor  operates. 

In  practical  use  the  echo  suppressors  are  so  carefully  controlled  that 
telephone  users  are  generally  unable  to  tell  whether  a  suppressor  is  on 
the  circuit  or  not.  This  is  due  to  the  short  delays  and  careful  adjust- 
ments of  the  time  functions  of  the  device.  It  is  possible,  however,  if 
the  delays  are  longer  and  the  adjustments  are  made  with  less  care,  to 
introduce  two  types  of  difficulty.     If  one  subscriber  talks  fairly  steadily 


THE    TIME    FACTOR   IN   TELEPHONE    TRANSMISSION  65 

he  may  hold  the  suppressor  operative  so  continuously  that  it  is  difficult 
for  the  other  party  to  break  in  on  the  conversation  if  he  so  desires.  If 
one  subscriber  started  to  reply  almost  simultaneously  with  the  termin- 
ation of  the  other's  speech,  part  of  his  reply  might  be  blocked  at  the 
echo  suppressor  along  with  the  last  of  the  echo. 

Further  difficulties  arise  if  two  circuits,  each  containing  an  echo 
suppressor  of  this  kind,  are  switched  together  in  tandem.  In  this  case 
it  would  be  possible  for  the  subscribers  to  completely  block  each  other's 
speech  if  they  started  talking  simultaneously. 

In  the  case  of  radio  circuits  operated  as  noted  above,  difficulties  are 
introduced  somewhat  similar  to  that  of  two  echo  suppressors  in  tandem. 

The  above  will  sufficiently  suggest  the  types  of  difficulties  which 
arise  from  delay  in  connection  with  voice-operated  devices.  Certain 
of  the  papers  in  the  accompanying  bibliography  consider  these  prob- 
lems in  more  detail. 

In  preparing  the  accompanying  bibliography,  no  attempt  has  been 
made  to  make  it  complete.  It  is  believed,  however,  to  contain  most  of 
the  important  publications  on  the  subject. 
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Constant  Frequency  Oscillators  * 

By  F.  B.  LLEWELLYN 

Summary — ^The  manner  in  which  the  frequency  of  vacuum  tube  oscil- 
lators depends  upon  the  operating  voltages  is  discussed.  The  theory  of  the 
dependence  is  derived  and  is  shown  to  indicate  methods  of  causing  the 
frequency  to  be  independent  of  the  operating  voltages.  These  methods 
are  applied  in  detail  to  the  more  commonly  used  oscillator  circuits. 

Experimental  data  are  cited  which  show  the  degree  of  frequency  stability 
which  may  be  expected  as  a  result  of  application  of  the  methods  outlined  in 
the  theory,  and  also  show  that  the  best  adjustment  is  in  substantial  agree- 
ment with  that  predicted  by  theory.  With  a  carefully  built  and  adjusted 
oscillator  the  effects  of  normal  variations  in  the  operating  voltages  are  neg- 
ligible in  comparison  with  the  effects  of  temperature  variations  resulting 
from  the  changed  operating  currents.  Methods  of  preventing  these  latter 
effects  are  not  discussed  in  the  present  paper. 

The  appendix  contains  an  analysis  of  the  conditions  under  which  the 
performance  of  an  oscillator  may  be  represented  by  the  use  of  linear  circuit 
equations. 

IN  recent  years  the  commercial  requirements  of  vacuum  tube  oscil- 
lators have  grown  more  rigid.  The  tremendous  increase  in  the 
number  of  radio  broadcast  stations  with  the  consequent  narrowing 
of  frequency  band  available  to  each,  the  analogous  demands  by  the 
carrier  telephone,  and  the  tendency  toward  higher  frequencies  where 
a  small  percentage  frequency  change  defeats  the  universal  effort  to 
secure  better  quality,  all  have  united  in  creating  a  need  for  very  con- 
stant frequencies.  This  need  has  led  to  a  study  of  methods  for  holding 
the  frequency  constant.  The  most  notable  of  these  is  the  piezo-elec- 
tric  crystal.  However,  it  has  been  known  for  some  time  that  certain 
oscillator  circuits  have  the  inherent  property  of  maintaining  their  fre- 
quency quite  constant  even  though  not  crystal  controlled.  Some  of 
these  circuits  have  the  additional  advantage  of  combining  constant 
frequency  at  a  given  wave-length  with  the  ability  to  maintain  this 
constancy  at  other  wave-lengths,  thus  giving  a  range  of  available  fre- 
quencies, any  one  of  which  may  be  depended  upon  to  stay  constant. 
The  elements  which  cause  the  frequency  of  oscillators  w  hich  are  not 
crystal  controlled  to  vary  are  such  things  as  vibration,  changing  tem- 
perature, Huctuating  voltage,  and  changing  load.  Vibration  and  tem- 
perature affect  primarily  the  inductance  and  capacity  in  the  circuit 
which  naturally  causes  the  frequency  to  change.  Fluctuating  volt- 
ages change  the  tube  resistance,  which  in  turn  affects  the  frequency. 

*  Presented  at  Sixth  Annual  Convention  of  I.  R.  E.,  Chicago,  Illinois,  June  4-6. 
1931.     Published  in  Proc.  I.  R.  E.,  Dec,  1931. 
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Changing  loads  also  change  the  frequency,  since  they  take  the  form  of 
variable  resistance  and  reactance. 

Considerable  work  has  been  done  by  various  individuals  to  make 
the  inductance  and  capacity  of  standard  apparatus  as  free  from  the 
effects  of  vibration  and  temperature  changes  as  possible.  Work  of 
that  kind  is  not  discussed  here.  Variable  voltages  occur  in  practically 
all  installations  and  changing  load  impedance  in  many.  These  two 
things  are  the  actual  cause  of  the  larger  part  of  frequency  variation  in 
many  installations. 

Several  vacuum  tube  circuits  have  been  devised  to  surmount  these 
difficulties.  They  may  be  divided  roughly  into  two  groups:  first, 
those  in  which  the  attempt  has  been  to  minimize  the  change  of  fre- 
quency with  battery  voltage,  and  second,  those  in  which  the  attempt 
has  been  to  prevent  the  change.  In  the  first  group  we  have  two  types: 
first,  circuits  in  which  the  effective  resistance  has  been  reduced  to  as 
low  a  figure  as  possible,  and  second,  those  in  which  a  high  impedance 
has  been  inserted  between  the  tube  and  the  tuned  circuit  in  order  to 
reduce  the  relative  effect  of  changes  in  the  tube.  Considerable  success 
has  attended  the  efforts  of  a  number  of  engineers  led  by  J.  W.  Horton 
in  these  directions.  More  recently,  circuits  of  the  first  type  have  been 
applied  to  the  production  of  relatively  high  frequencies.^ 

The  second  group  in  which  the  attempt  has  been  to  prevent  the 
frequency  change  developed  from  the  work  of  Messrs.  J.  F.  Farrington 
and  C.  F.  P.  Rose.  They  found  that  a  certain  critical  value  of  an 
impedance  between  the  vacuum  tube  and  the  tuned  circuit  apparently 
produced  a  constant  frequency  over  a  limited  range  when  the  battery 
voltages  were  varied.  They  experimented  with  various  forms  of  net- 
works for  this  stabilizing  impedance  and  developed  several  in  which 
the  output  power  was  not  reduced  by  stabilization. 

Theory 

The  writer  attacked  the  problem  from  a  theoretical  standpoint  and 
showed  that  in  certain  cases  the  mathematical  procedure  indicates 
means  of  making  the  oscillator  frequency  independent  not  only  of  a 
variable  load  resistance,  but  also  of  the  battery  voltages.  The  pur- 
pose of  this  paper  is  to  develop  the  general  theory  and  application  of 
these  circuits  and  to  show  how  several  circuits  in  particular  may  be 
made  to  produce  practically  constant  frequency  with  customary  varia- 
tions of  voltage  and  load  resistance.  The  relations  necessary  to  main- 
tain the  frequency  constant  at  any  given  setting  when  it  is  desirable 

^  Ross  Gunn,  "A  new  frequency  stabilized  oscillator  system,"  Proc.  I.  R.  E.,  18, 
September,  1930. 
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that  the  oscillator  be  operative  over  a  range  of  frequencies  are  also 
indicated. 

Before  proceeding  with  a  detailed  description  of  the  various  specific 
embodiments  necessary  to  secure  independence  of  frequency  and  bat- 
tery voltage,  it  will  be  well  to  lay  down  the  physical  conditions  upon 
which  the  frequency  of  any  vacuum  tube  oscillator  depends. 

In  general,  all  such  oscillators  consist  of  or  may  be  resolved  into,  a 
tuned  electrical  circuit  or  network  to  which  is  attached  a  vacuum  tube. 
Irrespective  of  any  particular  circuit,  the  frequency  of  the  oscillator  is 
completely  determined  by  the  following  quantities,  the  designations 
used  here  being  uniformly  employed  throughout  the  subsequent  analy- 
sis: 

L,  the  self-inductance  in  the  network 

M,  the  mutual  inductance  in  the  network 

C,  the  capacity  in  the  network 

R,  the  resistance  in  the  network 

Tp,  the  plate  resistance  of  the  vacuum  tube 

Yg,  the  grid  resistance  of  the  vacuum  tube 

H,  the  amplification  factor  of  the  vacuum  tube 

Of  these  quantities,  L,  C,  and  M  require  little  comment.  They  are 
merely  symbolic  of  the  elements  of  the  electrical  network.  The  quan- 
tity C  includes  the  interelectrode  capacities  of  the  tube  when  they 
become  of  consequence.  These  three  quantities  are  assumed  to  be 
constant,  an  assumption  which  has  been  found  very  reasonable  in  prac- 
tice. The  quantity  R  represents  the  resistance  in  the  network.  For 
the  purpose  of  this  discussion  the  oscillator  is  assumed  to  deliver  only 
a  small  amount  of  power,  being  used  most  often  in  such  a  manner  as 
to  supply  voltage  to  the  grid  of  an  amplifier  tube.  Consequently,  the 
electrical  network  external  to  the  vacuum  tube  may,  and  should,  be 
constructed  in  such  a  manner  as  to  include  a  minimum  amount  of 
resistance.  Under  these  conditions  the  losses  in  the  circuit  have  been 
found  to  be  practically  all  the  result  of  the  internal  resistances,  fp  and 
Tg  of  the  vacuum  tube. 

These  two  quantities,  Tp  and  ry,  are  very  important,  being  princi- 
pally responsible  for  changes  in  condition  of  the  circuit  as  a  whole.  It 
should  be  realized  that  Tg  has  the  same  relation  to  the  static  values  of 
grid  current  and  potential  that  rp  has  to  the  plate  current  and  poten- 
tial. The  effect  of  varying  the  applied  potential  of  the  grid  or  plate, 
or  of  changing  the  filament  current  is  directly  to  cause  rp  and  fg  to 
vary,  usually  in  opposite  directions.  Further,  when  amplitude  of  os- 
cillation varies,  for  which  variation  of  battery  voltages  (grid,  plate, 
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and  filament)  are  again  principally  responsible,  both  Vg  and  r^  vary.^ 
The  quantity  m  is  the  amplification  factor  and  is  used  with  its  usual 
significance.     It  varies  with  battery  potential  but  this  variation  is 
ordinarily  very  small,  though  not  to  be  neglected. 

It  eventuates,  from  the  above  considerations,  that  if  the  reactive 
elements  of  the  frequency  determining  circuit  are  constant,  a  permis- 
sible assumption,  the  frequency  may  be  stabilized  if  adequate  account 
is  taken  of  changes  in  battery  voltages  and  load  resistances.  This  it 
is  the  purpose  of  the  present  paper  to  discuss. 

Hartley  Oscillator 

Consider  first  the  form  of  the  Hartley  oscillator  shown  in  schematic 
form  without  indicating  any  special  method  of  introducing  the  bat- 
teries, in  Fig.  2.  Figure  1  shows  the  circuit  equivalent  of  several  of 
the  oscillators  in  the  following  figures  when  the  impedances  are  repre- 
sented in  generalized  form,  and  therefore  will  be  employed  for  an 
analysis  of  the  conditions  necessary  to  secure  independence  of  fre- 
quency and  battery  or  applied  voltages,  and  the  results  of  this  analysis 
will  then  be  interpreted  in  detail  in  terms  of  the  special  circuit  of  Fig.  2. 
In  Fig.  1  the  impedances,  Z4  and  Z5,  are  inserted  for  the  purpose  of 
effecting  the  independence  of  frequency  and  battery  voltages,  and  the 
values  which  they  should  have  in  order  to  accomplish  this  result  are 
found  by  the  following  analysis: 

From  Fig.  1  we  have  the  circuit  equations  when  the  assumed  cur- 
rent conditions  are  as  shown  by  the  arrows: 

tie  =  hirr,  +  Zi  -f  Z5)  +  hiZi  +  Z,„)  -  hZm, 

0    =    /i(Zi    +   Z„0    +   /2Z0    -    h{Z.2   -f   Zm), 

0  =  -  /iZ,„  -  /oCZo  +  Z„0  -I-  h{r,  -f  Z2  +  Z4), 

e  =  hr,.  (1) 

These  equations  are  expressions  of  Kirchkoff' s  Law  regarding  the  sum 
of  the  potentials  in  a  closed  mesh.  The  equations  (1)  effectively  com- 
prise only  three  simultaneous  equations  because  the  network  has  only 
three  meshes. 

In  the  above  equation  Zq  is  symbolic  of  the  series  impedance  of  the 
tuned  circuit.     Using  the  symbolism  of  Fig.  1, 

Zo  =  Zi  -f  Z2  -f  Z.  +  2Z„.  (2) 

2  The  appendix  to  this  paper  contains  a  further  discussion  of  the  significance  of 
rp  and  rg  together  with  an  analysis  of  the  conditions  under  which  oscillator  net- 
works may  be  treated  by  the  use  of  linear  circuit  equations  as  is  done  in  the  following 
analysis. 
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Equations  (1)  may  be  rewritten  in  determinant  form  as  follows: 
(/-p  +  Zi  +  Z5)  +  (Zi  +  Z„.)  -  (Z„.  +  tir„) 
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+  (Zi  +  Z„.) 


Zo 

(Z,  +  Z  J 


-  (Z2  +  Z  J 
(r,  +  Z2  +  Z4) 


=  0. 


(3) 


This  determinant  form  of  (1)  follows  immediately  from  reducing  (1) 
to  three  equations. 


Me 


•Z4 


-wvw 

MWVv- 


(^1 


Z6' 


Z| 


vw\^ 

Z3 

Fig.  1 — Equivalent  circuit  network  of  Hartley  or  Colpitts-type  oscillator. 

In  accordance  with  the  theory  of  the  operation  of  oscillators,  dis- 
cussed in  the  appendix,  both  the  conditions  necessary  for  oscillation  to 
exist  and  the  frequency  of  oscillation  may  be  found  from  (3).     That  is: 

(r,  +  Zi  +  Z5)Zo(r,  +  Z2  +  Z4)  +  (Z:  +  Z„0(Z2  +  ZJC/zr,  +  2ZJ 
=  ZoZ,„(/.r,  +  Z„)  +  (Zi  +  Z^nr,  +  Zo  +  Z4)  +  (Z2  +  Z^Y 

(rp  +  Zi  +  Z5).  (4) 

The  next  step  is  to  express  each  of  the  generalized  Z's  in  the  equiva- 
lent form  of  (R  +  iX)  where  i  stands  for  the  imaginary  quantity, 
A  —  1,  and  both  R  and  X  are  real,  representing,  respectively,  resist- 
ance and  reactance.  A  great  simplification  results  when  it  is  recalled 
that  the  circuits  external  to  the  vacuum  tube  are  assumed  to  have 
very  little  resistance,  and  that  practically  all  of  the  losses  in  the  net- 
work are  caused  by  the  tube  resistances,  r^  and  fp,  so  that  these  two 
are  the  only  resistances  which  need  be  retained  in  the  analysis.  With 
this  understanding,  (4)  becomes: 

[_rp^i{Xi  +  X,)yXo[_r,+i{X2+X,):\-{X,+Xj{Xo  +  X,n)((Jir,  +  2iXm) 
=  -XoX„,(Mr,-f  7X.)  -  {X,-{-X„,y-lr„-hi{X2  +  X,)2 
-  (T2-f  XJ2[,^+,-(Xi+X5)].  (5) 
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In  order  for  (5)  to  be  true,  both  the  real  and  the  imaginary  portions 
must  separately  be  equal  to  zero.  If  (5)  (which  comes  naturally  from 
(3)  with  the  given  substitutions)  is  separated  into  its  real  and  imag- 
inary parts,  the  resulting  two  equations  must  be  simultaneous  and 
between  them  express  the  frequency  and  relative  values  which  rp  and 
rg  must  assume  in  order  for  oscillations  to  exist.  The  particular  aim 
in  the  present  case  is  to  find  whether  values  of  X^  or  X^  exist  which 
will  enable  the  frequency  to  be  expressed  in  terms  of  the  constants  of 
the  circuit  external  to  the  vacuum  tube  so  that  if  rp,  Vg,  and  ix  should 
vary,  the  frequency,  being  dependent  upon  the  external  circuit  only, 
will  remain  constant. 

From  (5),  then,  the  real  and  imaginary  parts  give  the  following  two 
equations : 

-  Xo[rp(X2  +  X,)  +  r,(Xi  +  X5)]  -  jur,(Xi  +  XJ(A%  +  XJ 

=  -  X,Xmnrg  -  (Xi  +  X,,)hg  -  (X2  +  XmYrp.  (6) 

XoCV,  -   (Xi  +  X5)(X2  +  X4)]  -  2X„,(X,  +  X,„)(X2  +  X,n) 

=  -  X,XJ  -  (Xi  +  X,„j2(X2  +  X4)  -  (X2  +  XJ2(Xi  +  X5).    (7) 

There  are  certain  mathematical  rules  for  finding  whether  the  de- 
sired constancy  of  frequency  may  be  obtained  from  the  conditions 
given  by  (6)  and  (7).  Without,  however,  going  into  detail  in  regard 
to  these,  it  is  easy  to  see  from  (7)  that  if  A'4  and  A^s  have  such  values 
as  to  satisfy  the  equation : 

2A^„(A^    +   Xm){X<i   +   Xm)     =    (Xi    +   X„)2(X2   +   X4) 

+  (X2  +  X^)2(Xi  +  X5)  (8) 

(which  is  obtained  by  including  all  terms  of  (7)  which  do  not  contain 
A^o),  then  the  frequency  of  oscillation  is  exactly  that  which  will  cause 
Xo  to  become  zero,  and  will  remain  so,  no  matter  what  values  may  be 
taken  by  rp,  rg,  and  ix.  In  other  words,  the  oscillation  frequency  is 
equal  to  the  series  resonant  frequency  of  the  tuned  circuit. 

It  follows,  then,  that  if  the  battery  voltages  were  to  vary,  the  fre- 
quency, being  determined  by  the  circuit  elements  external  to  the  vac- 
uum tube  only,  would  remain  constant.  In  regard  to  a  changing  load 
resistance,  it  is  evident  that  if  this  were  connected  in  parallel  either 
with  rp  or  rg,  then  the  combination  of  the  two  resistances  could  be 
considered  as  a  single  resistance.  It  therefore  follows  that  the  same 
adjustment  which  causes  the  frequency  to  be  independent  of  battery 
voltage  is  also  the  correct  one  to  render  the  frequency  independent  of 
a  variable  load  impedance  when  this  impedance  is  resistive,  only,  and 
is  connected  in  parallel  either  with  the  plate  or  grid  resistance  of  the 
tube. 
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In  order  to  complete  the  general  demonstration,  it  remains  to  show 
that  the  values  imposed  on  (7)  by  the  condition  of  (8)  do  not  require 
physically  impossible  values  of  Vp,  r„,  and  yu  in  order  to  satisfy  (6)  and 
thus  maintain  oscillation.  To  do  this,  assume  that  (8)  is  solved  for 
either  A'4  or  A'5  and  substitute  in  (6),  remembering  that  .Yo  is  zero. 
The  result  is: 

r„      ^\x,^XmJ       \X,  +  X^I'  ^^^ 

Inspection  of  this  expression  shows  that  the  conditions  required  are 
physically  possible,  and  it  follows  that  the  amplitude  of  oscillation 
increases  or  decreases  until  the  effective  values  of  Vp  and  of  rg,  which 
are  measures  of  the  dissipation  of  energy  on  the  plate  and  on  the  grid 
sides,  take  up  the  values  specified  by  the  conditions  of  (9).  Thus,  for 
instance,  if  Xi  and  X2  were  approximately  equal,  then  Tp  would  have 
to  be  (yu  —  1)  times  as  large  as  Tg  before  the  oscillation  amplitude  set- 
tled down  to  a  steady  state  value.  To  many  who  are  accustomed  to 
neglect  the  losses  occurring  on  the  grid  side  of  a  vacuum  tube  when 
dealing  with  oscillator  problems,  this  low  value  of  Tg  wall  appear  as 
somewhat  unusual.  In  this  connection,  it  may  be  pointed  out  that  the 
low  value  of  Vg  is  not  in  any  way  a  special  requirement  imposed  by  the 
stabilizing  reactances,  X4  and  X5,  but  is  inherent  in  vacuum  tube  os- 
cillators in  general,  unless  particular  conditions  are  arranged  to  render 
it  otherwise.  For  instance,  it  is  a  well-known  experimental  fact  that 
resistances  of  the  order  of  4000  ohms  may  be  placed  across  the  grid- 
filament  terminals  of  an  oscillator  employing  any  of  the  more  common 
types  of  three-element  receiving  amplifier  tubes  without  stopping  the 
oscillations,  when  a  good  low-loss  tuned  circuit  is  employed.  In  view 
of  the  fact  that  the  amplitude  of  the  oscillations  is  commonly  limited 
by  Yg,  this  is  evidence  that  stable  oscillations  may  be  secured  with 
values  of  Tg  which  are  of  the  order  of  2000  or  3000  ohms. 

The  demonstration  may  be  made  more  rigid  by  the  use  of  (6)  and 
for  the  special  case  where  A'l  =  Xo  and  X4  =  Xr,  =  Xm  =  0,  in  which 
the  stabilizing  reactances  have  been  omitted.  For  such  a  simplified 
circuit,  it  is  found  by  elimination  of  Xq  between  (6)  and  (7)  that: 


Vp 
To 


rpVg  —  Xi^ 
r^rg  +  A'i2 


-  1. 


Now,  Xi  is  of  the  order  of  500  or  600  ohms  at  the  most,  while  both  r^ 
and  Tg  are  at  least  enough  larger  than  this  in  the  case  of  the  more 
commonly  used  vacuum  tubes  so  that  the  expression  for  rp/vg  is  roughly 
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equal  to  (/x  —  !)•  Thus,  in  the  simplest  kind  of  vacuum  tube  circuit, 
it  is  seen  that  Vg  is  apt  to  be  appreciably  smaller  than  r^,,  and  by  no 
means  negligible  in  its  effect. 

To  return  to  (8),  which  expresses  the  relation  between  Xn,  X5  and 
other  circuit  reactances  which  are  necessary  to  cause  the  frequency  to 
be  independent  of  battery  voltages,  we  note  that,  although  (8)  is  still 
in  generalized  form,  and  is  yet  to  be  applied  to  the  particular  case 
shown  in  Fig.  2,  the  very  significant  fact  that  the  oscillation  frequency 
for  this  type  of  stability  must  be  the  series  resonant  frequency  of 
the  tuned  circuit  is  a  direct  consequence  of  the  requirements  of  the 
equation. 

For  application  to  the  Hartley  type  of  oscillator,  the  various  terms 
of  (8)  have  the  following  significance: 

X\  =  coLj, 

X2    ==    ^-1^2, 

Xm    =    wM, 

where  co  =  lir  X  frequency  and  Xa  or  A^s  are  to  be  determined.  In 
the  case  of  Fig.  2,  where  stabilization  is  accomplished  on  the  plate  side, 
we  put  ^"4  equal  to  zero.     Then  solving  (8)  for  X5,  we  find: 


X,  =  2coM  i  /  ^  ,,  )  -  wLs  (  r    T  ^r  ]    -  ^Li. 


X5  is  thus  required  to  be  negative,  so  that  a  capacitive  reactance  is 
necessary  for  plate  stabilization  of  a  Hartley-type  oscillator.  Thus 
putting 

X  -  --1- 

C0C5 

and  remembering  that  since  A'o  =  0,  the  angular  frequency  is  given  by 

(02  =  \/C,{U  +  U  +  2M), 
finally  we  get 

C   -c  Lr  +  U  +  2M 

^'^^'\u  +  m)      ^^^\L2  +  m) 

which  is  the  value  of  capacity  which  should  be  inserted  between  the 
plate  and  the  tuned  circuit  of  a  Hartley-type  oscillator  in  order  to 
cause  the  frequency  to  remain  constant  when  the  battery  voltages  are 
varied,  and  there  is  no  reactance  between  the  grid  and  tuned  circuit. 
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where 


Fig.  2 — Hartley  oscillator,  plate  stabilization, 

c-  =  r  \ ^ n 

'IL.+L.A^-IMA]' 

,       L,  +  M 


Lo  =  L^  +  Li  +  2M, 


Li  +  M 


where 


=PC4 


Fig.  3 — Hartley  oscillator,  Grid  stabilization. 

C    =  (7   P  I  z^ ~1 

'  "'     L  ^1  +  L.A'^  -  IMA  J  ' 

L,  +  M 


La  =  Li  +  Li  +  2M,         A  = 


L.  +  M 


where 


Fig.  4— Hartley  oscillator,  plate  and  grid  stabilizati 
I     ,A^        1   PL,  +  LoA'-  -  2MA 
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L,  +  M 
Li  +  M 
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Of  course  in  actual  practice,  it  is  necessary  to  provide  a  d-c  path  for 
the  space  current  of  the  tube,  which  can  be  accomplished  by  shunting 
the  condenser,  C5,  with  a  high  impedance  choke. 

It  is  often  the  case  that  a  stopping  condenser  is  desirable  in  the  X4 
position,  instead  of  a  direct  connection  between  grid  and  tuned  circuit. 
This  stopping  condenser  and  the  accompanying  leak  are  advantageous 
inasmuch  as  it  has  been  found  by  experience  that  an  oscillator  oper- 
ating with  a  leak  and  condenser  combination  is  inherently  much  more 
stable  as  regards  change  of  frequency  with  change  of  battery  voltage 
than  an  oscillator  with  a  d-c  low  resistance  path  from  grid  to  filament, 
even  when  a  battery  is  employed  to  impose  a  negative  bias  on  the  grid. 
The  explanation  for  this  improved  stability  lies  in  the  fact  that  the  grid 
leak  tends  to  keep  the  grid  resistance,  Vg,  constant.  It  frequently  hap- 
pens, when  the  leak  and  condenser  combination  is  used,  that  difficulty 
is  experienced  in  avoiding  "blocking"  when  a  large  enough  condenser 
to  have  negligible  reactance  is  employed.  In  such  cases  the  required 
value  of  C5  may  be  chosen  in  the  manner  indicated  in  connection  with 
Fig.  4,  which  allows  for  a  finite  reactance  between  grid  and  tuned 
circuit,  or  else,  as  another  alternative,  the  plate  may  be  directly  con- 
nected to  the  tuned  circuit  so  that  X^  is  zero,  and  stabilization  may  be 
accomplished  by  choosing  the  value  of  C4  in  accordance  with  the  re- 
quirements then  imposed  by  (8),  which  refer  to  Fig.  3  and  necessitate 
the  value  of  capacity  shown  in  the  figure.  Another  possible  stabilizing 
arrangement  is  shown  in  Fig.  4,  where  either  capacity  or  inductance 
may  be  used  on  the  plate  side,  depending  on  the  value  of  capacity  at 
d  on  the  grid  side.  Yet  another  possible  modification  of  Fig.  4  would 
be  to  use  an  inductance  on  the  grid  side.  This  would  require  a  very 
small  capacity  on  the  plate  side,  and  probably  is  less  convenient  than 
the  arrangement  indicated  in  the  figure. 

In  all  three  of  the  cases  considered  thus  far,  the  equations  show  that 
the  value  of  the  stabilizing  capacity  or  inductance  depends  upon  the 
values  of  L],  L2,  M,  and  C3  so  that  if  the  frequency  of  the  oscillator 
were  varied  intentionally,  by  changing  L],  for  instance,  then  a  dift'erent 
value  of  stabilizing  capacity  or  inductance  would  be  required  to  secure 
independence  of  frequency  and  battery  voltage  at  the  new  frequency. 
If,  however,  the  circuit  were  so  constructed  that  M  were  zero,  and  Li 
and  L2  were  made  so  that  they  remained  always  equal  to  each  other, 
then  the  value  of  the  stabilizing  element  would  depend  upon  C3  only, 
and  the  frequency  could  be  changed  by  varying  Lx  and  L^  simultane- 
ously without  destroying  the  stabilizing  adjustment. 
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CoLPiTTs  Oscillator 

This  property  may  be  utilized  to  even  greater  advantage  in  connec- 
tion with  the  Colpitts  type  of  oscillator,  which  is  illustrated  in  Figs.  5, 
6,  and  7  and  will  now  be  investigated  with  the  aid  of  (8)  in  the  same 
manner  in  which  the  relations  necessary  for  stabilizing  the  Hartley 
oscillator  were  secured.     Thus,  for  the  Colpitts  circuit: 

coCi 

X  -  -J- 

C0C2 

X„.  =  0, 

"^    ^Laia  +  C; 

The  values  of  the  stabilizing  elements  required  by  (8)  are  given  in 
Figs.  5,  6,  and  7  which  show  several  arrangements  for  the  stabilizing 
impedance,  as  applied  to  the  Colpitts-type  oscillator.  In  particular, 
Fig.  7  shows  a  choice  of  either  an  inductance  or  a  capacity  on  the 
grid  side. 

In  Figs.  5  and  6  and  in  Fig.  7  when  inductance  is  used  on  both  plate 
and  grid  sides  it  is  evident  that  if  the  condensers,  Ci  and  C2,  are  con- 
nected together  in  a  "gang"  mounting  so  that  when  they  are  varied, 
the  ratio  of  their  capacities  remains  constant,  then  the  frequency  of  the 
oscillator  may  be  changed  by  changing  Ci  and  C2  without  disturbing 
the  stabilizing  adjustment  which  causes  the  frequency  to  be  independ- 
ent of  battery  voltages. 

Feed-Back  Oscillator 

Figures  8,9,  and  10  show  conventional  drawings  of  the  type  of  oscil- 
lator circuit  known  as  a  "feed-back"  or  sometimes  as  a  "tuned  input" 
circuit.  In  Fig.  8  stabilizing  is  accomplished  on  the  plate  side;  in 
Fig.  9  on  the  grid  side;  and  in  Fig.  10  on  both  sides.  A  mathematical 
analysis  analogous  to  that  which  was  described  in  detail  in  connection 
with  Fig.  1  gives  the  values  of  stabilizing  impedances  which  are  shown 
in  the  figures,  and  also  indicates  that  the  conditions  for  oscillation  may 
be  met  when  these  values  are  employed. 


78 


BRLL  SYSTEM  TECHNICAL  JOURNAL 


Fig.  5 — Colpitts  oscillator,  plate  stabilization. 
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F"ig.  6 — Colpitts  oscillator,  grid  stabilization. 
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Fig.  7 — Colpitts  oscillator,  plate  and  grid  stabilization. 
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Fig.  8— Feed-back  oscillator,  plate  stabilization. 
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Fig.  9— Feed-back  oscillator,  grid  stabilization. 
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Fig.  10— Feed-back  oscillator,  plate  and  grid  stabilizati 
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Reversed  Feed-Back  Oscillator 

Figures  11,  12,  and  13  show  conventional  drawings  of  the  type  of 
oscillator  circuit  known  as  a  "reversed  feed-back"  or  sometimes  as  a 
"tuned  output"  type  of  oscillator,  with  the  application  of  stabilizing 
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^ —  M  =  K^Li  L2  ■ 
Fig.  11 — Reversed  feed-back  oscillator,  plate  stabilization. 
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Fig,  12 — Reversed  feed-back  oscillator,  grid  stabilization. 
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Fig.  13 — -Reversed  feed-back  oscillator,  plate  and  grid  stabilization. 
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impedances  to  cause  the  frequency  to  be  independent  of  changes  in 
battery  voltages.  In  Fig.  11  the  stabilizing  impedance  is  placed  be- 
tween the  plate  and  the  tuned  circuit;  in  Fig.  12  between  the  grid  and 
coupling  coil;  and  in  Fig.  13  stabilization  is  accomplished  by  imped- 
ances placed  in  both  positions.  Again,  the  mathematical  analysis  gives 
the  values  of  the  stabilizing  impedances  as  shown  on  the  figures  and 
indicates  that  oscillation  is  possible  when  these  values  are  used. 

Other  Types  of  Oscillator  Circuits 

As  an  instance  of  the  stabilizing  of  another  general  class  of  oscillator 
circuits  which  has  wide  application  in  a  number  of  special  cases,  atten- 
tion is  drawn  to  the  tuned-plate,  tuned-grid  circuit  of  Fig.  14.     The 


Fig.  14 — Tuned-plate,  tuned-grid  oscillator  with  no  magnetic  coupling. 
L-,r  ^     .       {l+n)C,C, 
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input  and  output  circuits  are  shown  in  the  drawing  as  consisting  of 
condenser  and  inductance  combinations  connected  in  parallel.  At  any 
specified  frequency,  however,  the  parallel  combination  may  be  replaced 
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Fig.  14-a. 

by  a  series  circuit,  or,  in  fact,  by  any  form  of  network  which  has  the 
same  impedance,  and  none  of  the  currents  or  voltages  in  the  remainder 
of  the  circuit  will  be  altered.  In  particular,  the  inductance  and  capac- 
ity shown  on  the  input  side  in  Fig.  14  may  be  replaced  by  a  piezo- 
electric crystal,  as  shown  in  Fig.  14-a,  having  the  same  impedance  at 
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the  operating  frequency  without  affecting  the  currents  and  voltages 
in  the  remaining  parts  of  the  circuit. 

It  is  well  known  that  the  frequency  of  such  a  piezo-electric  oscillator 
is  less  affected  by  changes  in  battery  voltage  than  is  the  frequency 
of  the  ordinary,  nonstabilized  electric  oscillator.  However,  the  bat- 
tery voltage  does  influence  the  frequency  of  the  piezo-electric  oscillator 
to  an  extent  which  is  undesirable  for  certain  accurate  types  of  work. 
It  therefore  becomes  useful  to  apply  stabilization  to  the  piezo-electric 
oscillator.  It  will  be  shown  that  the  stabilization  may  be  accomplished 
by  adjusting  the  size  of  the  output  tuning  condenser  to  such  a  value 
that  the  impedance  of  the  output  circuit  bears  a  certain  critical  rela- 
tion to  the  impedance  of  the  crystal,  while  at  the  same  time,  the  circuit 
as  a  whole  fulfills  the  conditions  necessary  for  the  existence  of  oscil- 
lations. 

The  same  kind  of  stabilization  is,  of  course,  applicable  to  an  elec- 
tric oscillator  having  analogous  relations  between  the  input  and  output 
impedances.  Thus,  it  is  often  possible  to  stabilize  the  Hartley  oscil- 
lator by  moving  the  connection  between  the  filament  and  coil  to  differ- 
ent positions  on  the  coil,  until  that  one  which  gives  the  proper  ratio 
of  input  to  output  impedances  has  been  found.  In  the  case  of  the 
Hartley  and  Colpitts  oscillators,  however,  it  is  more  often  preferable 
to  stabilize  by  the  special  circuit  arrangements  illustrated  in  Figs.  1 
to  7,  while,  on  the  other  hand,  the  tuned-grid,  tuned-plate  type  of 
circuit  lends  itself  readily  to  stabilization  by  adjustment  of  the  output 
circuit. 

Numerical  expressions  for  the  proper  impedance  relations  may  be 
obtained  by  noting  that  the  circuit  of  Fig.  li  may  be  generalized  into 
the  circuit  of  Fig.  1  by  regarding  Z4  and  Z5  as  zero,  while  Z2  comprises 
the  whole  input  network  which  may  consist  of  various  arrangements 
of  coils,  condensers,  grid  leaks,  and  the  like,  and,  in  a  similar  fashion, 
Z]  comprises  the  whole  output  network.  The  mathematical  analysis 
given  in  connection  with  Fig.  1  may  therefore  be  adapted  to  fit  Fig.  14 
immediately,  and  in  place  of  (6)  and  (7)  we  have  the  two  expressions: 

Xo(r,Xi  -f  r^Xaj  +  ixVgX.X^  =  r^AV  +  r,X{\  (11) 

Xoir,r,  -  X1X2)  =  -  XrX,(Xr  +  X^).  (12) 

The  requirements  of  (11)  are: 


''X2 


uXo  +  Xq  —  Xi 

Xo    —   An 


(13) 
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which  may  be  used  to  eHmiiuite  r,,  in  (12)  and  gives 

Xor;-(fxXo  +  A'o  -  X,)  =  X2KX0  -  Xy-  X^MX,  -  Xo).     (14) 

In  order  for  the  frequency  to  be  independent  of  r„,  it  is  necessary  for 
one  of  the  factors  on  the  left-hand  side  of  the  equation  to  be  zero. 
This,  however,  necessitates  that  one  of  the  factors  on  the  right-hand 
side  of  (14)  also  should  be  zero.  Investigation  shows  that  the  only 
pair  of  factors  of  (14)  that  may  both  be  zero,  and  still  be  consistent 
with  (13)  is  the  following: 

/X.Y2  +  Xo  -  Xi  =  0,  (15) 

X2  -  Xo  =  0.  (16) 

Elimination  of  A'o  between  these  two  expressions  results  in  the  follow- 
ing relation: 

(1  +  ix)X,  =  Xr.  (17) 

The  frequency  is  then  given  by  the  expression : 

Xi  -f  Xs  =--  0.  (18) 

Equation  (17j  expresses  the  relation  which  is  required  between  the 
reactances  of  the  input  and  the  output  network  in  order  to  provide  for 
a  constant  frequency  with  varying  battery  voltages. 

In  the  application  of  this  stabilization  to  a  piezo-electric  oscillator 
such  as  is  shown  in  Fig.  14-a  it  sometimes  happens  that  stability  im- 
proves with  decrease  in  the  value  of  the  output  tuning  capacity  but 
oscillations  cease  before  complete  stabilization  is  secured.  The  expla- 
nation for  this  and  its  remedy  may  be  obtained  from  (17)  and  (18)  by 
supposing  that  the  reactance,  X2,  of  the  crystal  may  be  represented 
by  an  antiresonant  circuit,  C2  and  L2,  in  series  with  a  capacity,  d, 
while  the  output  reactance,  A^i,  consists  of  the  antiresonant  circuit,  Ci 
and  Li.     Thus,  the  value  of  Ci  which  satisfies  (17)  and  (18)  is 


^     L,2 


^  (1  +  m)g      ^ 


-  C3.  (19) 


For  discussion,  the  form  which  (19)  takes  in  the  absence  of  the  stopping 
condenser,  C4,  is: 

h 


C,  =  --[C2+  (1  -f  ^)C3]  -  Cz. 


This  shows  that  a  fairly  large  value  of  Ci  may  be  required  when  d  is 
absent,  which  places  the  tuning  of  the  plate  antiresonant  circuit  in  a 
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rather  critical  portion  of  its  reactance  characteristic.  In  order  to  avoid 
this,  the  introduction  of  a  fairly  small  condenser  at  d  is  advantageous. 
Thus,  if  d  were  made  somewhat  smaller  than  Cz,  then  the  value  of  Ci 
required  by  (19)  is  roughly: 


Ci 


U 


ic,  +  a]  -  G 


which  gives  an  appreciably  smaller  value  of  Ci  and  results  in  stabiliza- 
tion with  a  much  less  critical  adjustment  than  is  the  case  when  the 
stopping  condenser  is  absent. 

In  all  of  the  above  analyses,  the  requirement  of  a  capacity  or  an 
inductance  is  indicated  by  the  fact  that  the  signs  come  out  right  in  the 
final  equations.  If  the  wrong  type  of  reactive  element  were  used,  it 
would  result,  for  example,  that  a  negative  inductance  apparently  would 
be  required,  which  of  course  would  indicate  the  requirements  of  a 
capacitance. 

Another  Type  of  Stabilization 

A  third  general  type  of  stabilization  may  be  illustrated  by  consid- 
ering a  hypothetical  oscillator  having  its  plate  circuit  coupled  back  to 
its  grid  circuit  by  means  of  a  transformer  coil  with  a  coefihcient  of 
coupling  equal  to  unity.     Methods  of  obtaining  the  equivalent  effect 
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iXm  =  i'VX|  X2 
Fig.  15 — Equivalent  circuit  of  oscillator  with  unity  coupling. 


of  such  a  coil  under  practical  operating  conditions  will  be  described 
later,  so  that  for  the  present  it  will  be  assumed  that  a  unity  coupled 
coil  is  on  hand.  The  equivalent  circuit  diagram  of  the  oscillator  is 
shown  in  Fig.  15,  where  the  primary  and  secondary  windings  of  the 
coil  are  indicated  at  Xi  and  X-2,  respectively. 

From  the  properties  of  unity  coupled  coils  it  follows  that,  no  matter 
what  impedances  are  hung  across  the  coil,  or  connected  between  wind- 
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ings,  the  ratio  of  the  voltage  across  the  secondary  to  the  voltage  across 
the  primary  depends  upon  the  coil  reactances  only,  and  not  at  all  upon 
the  attached  impedances.  In  the  circuit  of  Fig.  15  this  ratio  is  given 
by  the  expression : 

^'  (20) 


Op 


In  general,  the  voltage  Cj,  may  be  expressed  in  terms  of  the  imped- 
ance looking  out  of  the  plate-filament  terminals  of  the  tube.     Thus 


C-T) 


Tp    -\-    Zjt 


(21) 


where  Zp  is  the  aforementioned  impedance. 
From  (20)  and  (21)  there  results: 


1 


X, 


-  1 


(22) 


This  equation  completely  expresses  the  operation  of  the  oscillator  in 
so  far  as  impedance  relations  for  the  fundamental  current  component 
are  concerned.  From  Fig.  15  ordinary  circuit  analysis  shows  that  Zp 
may  be  written 


^  =  ^  +  L 

so  that  (22)  becomes: 


^)+^  +  ^ 

X 1  /       iXx      Z5 


'+^/f; 


1  +  1/^ 

Z3      Z4  \  A  1 


'+^t 


A"! 


1 


(23) 


The  next  step  is  to  separate  this  into  its  real  and  imaginary  compo- 
nents. We  stipulate,  as  in  the  previous  analyses,  that  the  losses  in  the 
external  circuit  elements  are  small  compared  with  those  occasioned  by 
the  grid  resistance  of  the  tube.  With  this  understanding,  Z4  may  be 
separated  into  two  parts,  the  one  iX^,  in  parallel  with  the  other  which 
constitutes  the  grid  resistance  Yg.  Both  Z3  and  Z5  are  taken  as  pure 
reactances.     Thus  the  last  expression  yields  the  two  equations: 


k^km^k^k^^^^^y-^^ 


1  IXj. 
X, 


1X2 


(24) 
(25) 
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Equation  (24)  contains  neither  Vp,  Vg,  nor  n,  so  that  the  important 
conclusion  can  be  drawn  that  the  frequency  of  an  oscillator  with  unity 
coupling  between  the  plate  and  grid  circuits  depends  only  upon  the 
inductances  and  capacities  in  the  circuit,  and  not  at  all  upon  the  tube 
parameters,  r,„  Vg,  and  ix;  provided,  however,  that  the  losses  in  the  ex- 
ternal circuit  are  small,  and  the  harmonic  voltages  across  the  tube  are 
small  enough  to  allow  rp  and  Vg  to  be  considered  as  pure  resistances. 
In  this  connection,  the  interelectrode  capacities  may  be  grouped  with 
the  external  circuit  elements  forming  Xz,  A'4,  and  A^s,  so  that  no  high- 
frequency  difficulty  is  to  be  anticipated  from  them. 

Equation  (25)  contains  the  relation  between  r^,  Vg,  and  /x  necessary 
to  insure  the  presence  of  oscillation.  In  practice,  the  amplitude  of  the 
oscillations  builds  up  until  this  relation  is  satisfied. 

The  foregoing  theory  of  the  action  of  a  unity  coupled  oscillator  has 
led  to  an  extremely  useful  and  desirable  result,  namely,  the  independ- 
ence of  frequency  and  operating  voltages.  The  point  now  remaining 
to  be  shown  is  how  to  get  the  unity  coupling. 

In  attacking  this  question,  the  first  thing  to  notice  is  that  our  theory 
does  not  require  that  the  unity  coupling  condition, 

M  =  VL1L2 

should  be  obtained.     What  actually  is  required  is  the  much  less  rigid 
condition: 

X,„  =  ^Y^Xl  (26) 

where  Xi  and  X2  are  not  limited  to  inductance  alone. 

Thus,  imagine  one  of  the  impedances,  say  X^,  to  consist  of  a  coil 
Li,  in  series  with  a  condenser,  Co.     We  have  then,  by  (26): 

oiHP  =  coLi  ( C0L2  -  -^  ^  (27) 

\  C0C2/ 

or,  writing  

M  =  kyJLiLi 

where  k  may  now  be  less  than  one,  we  have  from  (27) 

which  gives  the  value  of  C2  necessary  to  provide  "unity  coupling"  at 
the  operating  frequency. 
The  value  of  X^/Xi  is  thus 

C0L2  -  — 
Xi  _  C0C2  _  C0L2  —  a;L2(l  —  k"^)  _   7,2  :^  .  (jQ\ 

X\  coLi  o}L\  Li 
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In  practice,  A^,  A'.),  and  A'5  would  usually  be  capacities,  to  corre- 
spond to  the  circuit  of  Fig.  17.  With  this  arrangement,  and  the  rela- 
tion given  by  (29)  we  have  the  frequency  from  (24) : 


1 


U 


C,  +  k^C, 


+  CA\+kJk^ 


(30) 


The  value  of  C-2  is  thus  written  from  (28)  and  (29)  as  follows: 


Co   = 


1  +  k 


1  -  k^ 


(31) 


This  is  the  general  value  of  C2  needed  to  stabilize  the  oscillator,  and 
applies  to  any  grid-stabilized  oscillator  where  the  unity  coupling  con- 
cept can  be  employed.  In  the  case  where  C-,  and  C4  are  small  enough 
to  be  neglected  we  have  the  equivalent  circuit  of  the  reversed  feed-back 
oscillator  of  Fig.  12,  and  for  the  value  of  the  stabilizing  capacity: 


C2  = 


Li        Cs 


Lo  1  -  k^ 


(32) 


When  the  notation  of  Fig.  17  is  reconciled  with  that  of  Fig.  12,  this  is 
in  agreement  with  the  conclusion  reached  for  the  reversed  feed-back 
oscillator  by  the  former  method  of  analysis. 

The  present  analysis  has  the  twofold  advantage  of  allowing  the 
interelectrode  capacities  to  be  included,  which  results  in  (31)  instead 
of  (32) ;  and  of  giving  a  more  readily  interpreted  picture  of  the  relation 
required  for  stability,  namely  the  "unity  coupling"  condition  of  equa- 
tion (26).  Equation  (31)  is  moreover  applicable  to  the  tuned-plate, 
tuned-grid  type  of  oscillator,  when  there  is  magnetic  coupling  between 
the  input  and  output  circuits.  Thus,  in  the  particular  instance  when 
Li  and  Lo  are  equal,  as  also  are  C3  and  C4,  we  have  from  (31) : 


C2 


Ca 


(1  +  P) 
(1  -  k'-) 


+  Q 


(1  +  ^) 
(1  -  k) 


(SS) 


Hence,  if  tuning  is  done  by  "ganging"  C3  and  d  together  and  varying 
them  simultaneously,  the  stability  may  be  maintained  for  all  frequen- 
cies by  making  Cg  to  consist  of  two  parts:  the  one  a  fixed  capacity 
equal  to 


a 


(1  -  k) 
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and  the  other  a  variable  capacity  "ganged"  together  with  C3  and 
equal  to 

(1  +  k') 


Cs 


(1  -  P) 


In  order  to  insure  fulfillment  of  the  requirements  of  this  theory,  it 
was  mentioned  above  that  the  oscillator  should  be  relatively  free  from 
harmonics,  so  that  fp  and  r^  may  be  taken  as  pure  resistances.  That 
this  requirement  can  be  successfully  met  may  be  demonstrated  by 
reference  to  Fig.  15  and  consideration  of  the  means  which  would  be 
employed  if  the  circuit  represented  an  amplifier  with  e„  impressed  on 
the  grid  of  a  following  tube  instead  of  on  the  grid  of  the  driving  tube 
itself.  In  such  an  arrangement,  it  is  well  known  that  the  distortion  is 
least  when  the  impedance  looking  out  of  the  plate  of  the  driving  tube 
is  made  materially  larger  than  the  internal  plate  resistance  of  the  tube 
itself;  and,  second,  when  the  impedance  looking  back  out  of  the  grid 
of  the  driven  tube  is  made  materially  smaller  than  the  internal  grid 
resistance  of  the  tube  itself.  The  conditions  which  determine  how 
nearly  these  two  requirements  may  be  met  in  the  oscillator  tube  are 
governed  by  (22).     Thus 


This  should  be  small  in  order  that  the  first  requirement  mentioned 
above  should  be  fulfilled.  Hence  fxkyJLo/Li  should  exceed  unity  by 
as  little  as  is  consistent  with  reliable  oscillation.  \\'hen  we  come  to 
consider  the  second  of  the  requirements  for  decreasing  harmonics  we 
obtain  an  expression  analogous  to  (34),  namely: 

so  that  the  requirement  that  the  impedance  looking  back  out  of  the 
grid  should  be  less  than  the  grid  resistance  is  satisfied  by  the  same  con- 
dition as  that  required  by  (34) ;  namely,  that  fxk^lL^/Li  should  exceed 
unity  by  as  little  as  is  consistent  with  reliable  oscillation. 

From  Fig.  17,  by  regarding  C3  and  G  as  zero,  the  feed-back  type  of 
oscillator  is  obtained.  Again,  when  G  and  d  are  zero,  the  Hartley 
oscillator  results.  The  stabilization  both  of  the  feed-back  oscillator 
and  the  Hartley  type  by  the  method  shown  on  the  figure  was  not 
described  in  the  analysis  of  Figs.  3  and  9  inasmuch  as  the  present 
method  places  the  stabilizing  element  directly  in  the  tuned  circuit, 
whereas  the  former  method  placed  it  between  the  tuned  circuit  and 
the  vacuum  tube. 
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Fig.  16— General  circuit  of  oscillator  with  unity  coupling,  plate  stabilization. 
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l|C5 


C3 


Fig.  17— General  circuit  of  oscillator  with  unity  coupling,  grid  stabilization. 
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Fig.  18-General  circuit  of  oscillator  with  unity  coupling,  plate  and  grid  stabilization. 

\  wCi/  \  C0C2/ 
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Besides  the  general  circuit  of  Fig.  17,  where  stabilization  is  accom- 
plished by  imposing  a  critical  value  on  Co,  there  is  the  alternative 
shown  in  Fig.  16,  where  the  stabilizing  element  is  Ci,  a  condenser 
located  in  series  with  Li,  and  of  such  a  size  as  to  cancel  the  leakage 
reactance  between  Li  and  Lo.  The  formula  giving  this  size  in  terms 
of  the  other  circuit  constants  is  shown  in  the  figure,  and  the  condition 
that  the  harmonic  content  should  be  small  for  circuits  of  the  general 
type  of  Fig.  16  is  that  {ii/k)^L2/Li  should  exceed  unity  by  as  little  as 
is  consistent  with  reliable  oscillation. 

From  Fig.  16  the  circuits  of  various  types  of  oscillators  may  be  de- 
ri\'ed  in  the  manner  which  was  described  in  connection  with  Fig.  17. 
Of  these  circuits,  the  reversed  feed-back  and  the  Hartley  were  not 
described  in  connection  with  Figs.  11  and  12. 

A  combination  of  the  features  of  Figs.  16  and  17  may  be  employed 
in  the  manner  shown  in  Fig.  18  where  condensers  C]  and  C^  are  placed 
in  series  both  with  L]  and  Lo,  respectively.  In  this  case,  the  formula 
for  the  required  size  of  Ci  and  C2  becomes  quite  cumbersome  when 
expressed  in  terms  of  the  other  circuit  elements,  onl}'.  Since,  how- 
ever, the  frequency  is  usually  known  approximately,  we  may  use  the 
relation 

XJ  =  X1X2 

for  finding  Ci  and  C2  in  terms  of  a;  and  get: 

\  coCi  /  \  WL2  / 

As  in  the  case  of  Figs.  16  and  17,  so  also  may  the  circuit  of  Fig.  18 
be  modified  to  correspond  to  the  reversed  feed-back,  the  feed-back  and 
the  Hartley  types  of  oscillators  where  stabilization  is  accomplished 
both  on  the  plate  and  on  the  grid  sides. 

Experiment 

Of  course.  Figs.  1  to  18  are  intended  to  represent  only  the  funda- 
mentals of  the  corresponding  circuits.  For  practical  operation  these 
circuits  would  have  to  include  the  usual  stopping  condensers,  leak 
resistances,  sources,  choke  coils,  and  accessories.  These  circuit  ele- 
ments should  be  so  valued  and  introduced  into  the  oscillator  circuit 
as  a  whole  as  not  to  interfere  with  the  relations  required  by  the  anal- 
yses, in  order  to  maintain  the  stabilizing  eft'ects  of  the  stabilizing  im- 
pedances. As  to  the  choke  coils,  this  means  merely  that  they  must 
be  what  the  name  implies,  that  is,  a  substantially  infinite  impedance. 
In  the  case  of  a  Hartley-type  oscillator,  where  the  reactance  is  chosen 
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to  be  located  in  the  grid  leads  instead  of  in  the  plate  leads,  a  condenser 
must  be  used.  This  may  replace  the  conventional  stopping  condenser. 
Where  the  reactance  is  in  the  plate  lead  for  a  similar  type  of  oscillator, 
the  stopping  condenser  in  the  grid  lead  should  be  large  so  as  to  have 
negligible  impedance.  Similar  expedients  are  suggested  for  the  im- 
pedances of  the  other  types  of  oscillator  circuits. 

As  typical  of  the  general  method  whereby  any  of  the  simplified  cir- 
cuits of  Figs.  1  to  18  may  be  elaborated  into  a  conventional  circuit  of 
this  kind,  including  the  various  adjunctive  circuits,  Fig.  19  should  be 


STOPPING 
CONDENSER 


Fig.  19 — Practical  arrangement  of  oscillator  with  three  series  tuned  coupled  circuits. 

referred  to.  This  figure  illustrates  a  complete  wiring  diagram  of  the 
oscillator  of  Fig.  7  and  shows  an  example  of  stabilization  by  means  of 
the  inductance  L5  in  the  plate  circuit  and  the  inductance  L4  in  the  grid 
circuit.  In  addition  to  satisfying  the  relation  shown  in  Fig.  7,  it  may 
be  noticed  that  the  value  of  L5  is  such  as  to  tune  with  Ci  to  the  oscilla- 
tion frequency,  and,  similarly,  the  value  of  L4  is  such  as  to  tune  with 
C2  to  the  oscillation  frequency.  Under  such  conditions  a  resistance  of 
appreciable  value  may  be  introduced  into  the  circuit  of  L3  without 
affecting  the  frequency  of  the  stabilization.  The  reason  for  this  may 
be  explained  briefly  as  follows: 

Consider  a  single  series  circuit  formed  of  one  of  the  three  meshes  of 
Fig.  19,  for  instance  that  composed  of  the  elements,  Tg,  in  parallel  with 
the  8000-ohm  leak,  La,  and  Co.  This  circuit  is  in  series  resonance  at 
the  frequency  at  which  the  circuit  as  a  whole  oscillates.  Therefore  it 
tends  to  introduce  resistance  impedance  only  into  w^hatever  circuits  it 
is  reactively  coupled  with.  Thus,  the  effect  of  this  circuit  upon  the 
adjacent  circuit,  L3,  Ci,  C\,  with  which  it  is  coupled  is  to  introduce 
resistance  only.     Similarly,  if  this  last  circuit  operates  at  series  reso- 
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nance,  only  resistance  is  introduced  into  the  plate  circuit,  L5,  G,  and 
fp,  in  parallel  with  the  d-c  feed  of  8000  ohms,  with  which  it  is  coupled. 
Hence,  if  the  plate  circuit  likewise  operates  at  series  resonance,  a 
change  in  resistance  of  any  part  of  the  circuit  will  change  only  the 
resistance  into  which  the  tube  works  and  therefore  will  leave  the  fre- 
quency unaltered. 

In  a  more  general  sense,  any  of  the  oscillator  forms  discussed  may 
be  stabilized  even  when  the  resistance  in  the  external  circuit  is  not  in- 
appreciable, the  effect  of  the  external  resistance  manifesting  itself  in 
two  ways:  first,  a  value  of  stabilizing  reactance  slightly  different  from 
that  given  in  the  above  formulas  may  be  required,  and  second,  the 
frequency,  instead  of  being  absolutely  independent  of  battery  voltage 
variations,  goes  through  a  maximum  or  a  minimum  as  the  battery 
voltages  change,  the  voltage  at  which  this  maximum  or  minimum 
occurs  depending  upon  the  exact  value  of  the  stabilizing  reactance. 
An  exact  mathematical  analysis  of  this  more  general  case  yields  for- 
mulas for  the  stabilizing  reactances  which  involve  fg  or  Vp  and  hence 
are  not  as  useful  even  in  a  case  where  the  resistance  in  the  external 
circuit  is  of  importance  as  are  the  formulas  presented  above.  The 
latter  may  be  used  as  first  approximations  in  any  event. 

In  practice  it  has  been  found  that  when  ordinary  precautions  are 
taken  to  insure  a  low-loss  external  circuit,  the  relations  given  above 
hold  very  accurately  and  any  variations  in  frequency  then  existing  as  a 
result  of  varying  battery  voltages  may  be  traced  to  either  one  of  two 
causes,  both  of  which  may  be  guarded  against:  first,  the  interelectrode 
capacities  of  the  tube  may  be  sufficient  to  enter  into  the  impedance 
relations.  In  this  event,  a  change  in  the  form  of  circuit,  such  as  the 
use  of  the  tuned  plate-tuned  grid  arrangement  of  Fig.  17,  where  the 
interelectrode  capacities  form  a  part  of  the  external  circuit,  will  elimi- 
nate the  difficulty.  Second,  the  harmonic  currents  caused  by  the 
nonlinear  characteristics  of  the  vacuum  tube  may  introduce  the  effect 
of  a  reactive  impedance  back  into  the  fundamental  which  may  vary 
with  battery  voltage  and  so  change  the  frequency.  The  remedy  for 
this  is  to  provide  a  low  reactance  path  for  the  harmonics  so  that  they 
have  no  opportunity  to  build  up  a  reactive  voltage  across  the  tube,  and 
also  to  use  grid  leaks  and  other  such  well-known  devices  for  reducing 
the  harmonic  currents  generated  by  the  tube. 

For  the  purpose  of  providing  information  as  to  the  order  of  stability 
which  may  be  expected  from  the  several  methods  of  stabilization  out- 
lined above,  various  quantitative  experimental  tests  have  been  con- 
ducted. The  general  results  of  these  tests  may  be  summarized  by 
saying  that  a  close  adherence  to  the  theoretical  requirements  results 
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in  an  oscillator  whose  frequency  depends  upon  operating  voltages  to 
such  a  small  extent  that  temperature  effects  become  the  predominating 
influence  and  special  precautions  must  be  taken  in  order  to  eliminate 
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Fig.  20 — Performance  curves  of  reversed  feed-back  oscillator  with  tight  coupling, 

grid  stabilization. 

(a)  Variation  of  frequency  with  plate  potential. 

(b)  Variation  of  frequency  with  filament  current. 


them  before  data  showing  the  dependence  of  frequency  on  operating 
voltages  can  be  obtained. 

For  instance,  the  data  for  the  curves  shown  in  the  accompanying 
Figs.  20  and  21  were  secured  by  the  following  procedure:  A  plate 
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(b) 

Fig.    21 — Performance   of   reversed    feed-back   oscillator   with    loose   coupling,    grid 

stabilization. 

(a)  Variation  of  frequency  with  plate  potential. 

(b)  Variation  of  frequency  with  filament  current. 
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potential  of  150  volts  and  a  filament  current  of  one  ampere  were 
selected  as  reference  points.  The  frequency  under  these  conditions 
was  noted.  A  change  to  a  different  operating  condition,  say  140  volts 
plate  potential  and  1  ampere  filament  current,  was  made  and  the  fre- 
quency measured  as  rapidly  as  possible,  whereupon  the  operating  volt- 
ages were  returned  immediately  to  their  reference  values  and  the 
frequency  rechecked.  Special  care  was  taken  to  keep  the  room  tem- 
perature very  constant,  but,  even  so,  the  heating  of  the  parts  of  the 
oscillator  circuit  by  the  operating  alternating  and  direct  currents  was 
sufificient  to  affect  the  frequency  to  an  undesirable  extent,  requiring 
that  the  readings  be  taken  with  unusual  rapidity  in  order  to  return 
the  voltages  to  normal  before  the  changed  operating  currents  could 
appreciably  affect  the  temperature  of  the  coils,  tube  elements,  and 
other  parts  of  the  circuit. 

The  final  results,  however,  are  consistent  enough  to  be  representa- 
tive of  what  can  be  accomplished,  and  the  two  sets  of  curves  shown  in 
the  figures  bring  out  a  result  which  was  found  to  hold  throughout  the 
investigation ;  namely  that  the  higher  the  coefiicient  of  coupling  in  the 
coil  used  to  secure  feed-back,  the  less  critical  was  the  value  of  the 
stabilizing  impedance.  Thus,  in  Fig.  20  the  coupling  was  as  tight  as  it 
was  possible  to  produce  by  winding  the  primary  and  secondary  simul- 
taneously upon  a  tube  to  form  a  single  layer  solenoid,  w^hile  the  coil 
used  for  Fig.  21  was  made  by  removing  about  half  the  turns  from  the 
secondary  of  the  same  coil,  thus  providing  for  a  step-down  in  voltage 
as  well  as  a  decrease  in  coupling.  A  possible  explanation  for  the  less 
critical  adjustment  required  with  tight  coupling  lies  in  the  fact  that 
the  tightly  coupled  coil  satisfies  the  condition  for  "unity  coupling"  as 
given  by  (26)  over  a  range  of  frequencies  whereas  the  loosely  coupled 
coil  satisfies  the  condition  at  only  the  frequency  critically  determined 
by  the  stabilizing  capacity. 

This  would  appear  to  indicate  that  the  type  of  stabilization  de- 
scribed in  the  theoretical  part  of  the  paper  under  the  unity  coupling 
concept  oflers  certain  practical  advantages  over  those  types  where  the 
stabilizing  element  is  placed  between  the  tuned  circuit  and  the  tube, 
as  in  the  Colpitts  oscillator  of  Figs.  5,  6,  and  7,  for  example,  where  no 
magnetic  coupling  whatever  is  employed.  Experiments  with  the  Col- 
pitts circuit  have  shown,  however,  that  when  the  capacities  in  the 
tuned  circuit  are  made  large  relative  to  the  inductance,  a  very  satis- 
factory degree  of  stabilization  may  be  secured  at  the  lower  frequencies 
where  interelectrode  capacities  may  be  neglected.  A  close  inspection 
of  the  theory  of  stabilizing  the  frequency  of  the  Colpitts  oscillator 
shows  an  argument  analogous  to  that  of  the  coupled  coils,  namely  that 
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the  smaller  we  make  the  inductance  in  the  tuned  circuit,  and  the  larger 
we  make  the  capacity,  the  frequency  being  kept  constant,  the  greater 
will  be  the  range  of  frequencies  over  which  the  condition,  required  by 
(8),  that  the  series  reactance  of  the  tuned  circuit  be  zero,  is  satisfied  to 
an  approximation  sufficiently  good  for  practical  purposes,  and  hence 
the  less  critical  will  be  the  adjustment  of  the  stabilizing  impedance. 

For  the  data  in  Figs.  20  and  21a  reversed  feed-back  type  of  oscilla- 
tor was  employed,  having  an  elementary  circuit  similar  to  that  of  Fig. 
12.  A  grid  leak  was  placed  in  parallel  with  the  stabilizing  capacity, 
but  care  was  taken  to  see  that  the  resistance  of  the  leak  was  always  so 
high  that  its  value  did  not  affect  the  frequency.  This  was  done  by 
using  a  variable  resistance  and  increasing  its  value  until  the  frequency 
no  longer  changed.  A  large  grid  leak  has  always  been  found  advan- 
tageous in  securing  constancy  of  frequency,  but  the  size  of  the  leak 
reaches  a  practical  limitation  determined  by  the  time  constant  which 
produces  the  familiar  "blocking." 

The  plate  battery  potential  was  fed  through  a  choke  in  series  with 
the  plate  inductance  coil,  the  combination  of  choke  and  B  battery 
being  thoroughly  by-passed  with  a  large  condenser. 

For  the  purpose  of  checking  the  size  of  the  stabilizing  capacity  to 
find  its  agreement  with  theory,  an  indirect  method  was  used.  The 
theory  requires  that 

Lr(       1 


as  shown  in  Fig.  12.  The  operating  frequency  was  one  megacycle, 
which  made  a  direct  measurement  of  the  coupling  coefficient,  k,  some- 
what awkward,  so  that  a  method  based  on  the  "unity  coupling"  con- 
cept was  employed.     Thus  from  (26) 

k'^co-LiLi  —  (jiL\  I  oiL^ 7T  )  (37) 

may  also  be  used  for  determining  G-  The  primary,  Li,  of  the  coil  was 
connected  through  an  impedance  to  a  source  of  e.m.f.  of  one  mega- 
cycle, and  a  vacuum  tube  voltmeter  was  placed  across  it.  The  con- 
denser, d,  was  placed  directly  in  parallel  with  the  secondary,  L^. 
With  this  arrangement  the  impedance  looking  into  the  primary  is 

Z    =  iCioLii  -f- 


i  (  C0L2 7^ 

C0C4 


unless  points  very  near  the  resonance  point  are  considered.     This  last 
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equation  may  be  written 
1 


iZ  (  a;Z/2  — 


C0C4 


—  cjLi  (  C0L9 -pr  )  +  ork^LiL-. 


(38) 


The  condenser,  d,  was  varied  until  the  reading  of  the  vacuum  tube 
voltmeter  became  zero.  This  means  that  Z  was  zero,  and  hence  (38) 
gives  the  value  of  r4  required  by  (37)  which  is  in  turn  the  value  needed 
to  stabilize  the  oscillator. 

How  well  this  checked  the  actual  values  needed  for  the  case  shown 
in  Figs.  20  and  21  may  be  seen  by  the  following:  For  Fig.  21  the  value 
of  d  measured  as  above,  was  4000  /i/^f.  The  experimental  value  was 
3000  jUjuf.  For  Fig.  20  the  measurement  gave  a  rather  broad  zero  on 
the  vacuum  tube  voltmeter,  which  was,  however,  estimated  at  8400 
ixni.  For  a  check,  a  measurement  was  made  at  7  megacycles  which 
gave  a  sharper  zero,  and  a  value  of  120  /x/xf.  This  must  be  reduced  to 
its  equivalent  value  of  1  megacycle  by  multiplying  by  7^  which  gives 
5880  jjifxi.  The  experimental  curves  of  Fig.  20  show  a  noncritical  value 
of  6000  p.p.i.  which  is  nevertheless  in  good  accord  with  the  above  meas- 
urements, while  in  Fig.  21  the  agreement  is  somewhat  more  striking. 

As  an  example  of  stabilization  of  oscillators  in  the  altogether  differ- 
ent frequency  region  from  7  to  40  kc,  the  following  table  was  taken 
from  data  kindly  supplied  by  F.  J.  Rassmussen: 

TABLE  I 


Stabilizing  Capacity  /if 

Frequency 
kc 

U 

U 

Coupling 

mh 

mh 

k 

Experimental 

Theoretical 

12.5 

3.176 

6.891 

0.131 

0.0021 

0.0022 

40.0 

3.210 

7.010 

0.134 

0.0018 

0.0023 

12.5 

3.178 

6.974 

0.129 

0.0021 

0.0022 

40.0 

3.211 

7.094 

0.133 

0.0018 

0.0023 

7 

2.498 

0.500 

0.720 

0.4  to  00 

2.07 

15 

2.499 

0.498 

0.723 

0.2  to  00 

0.46 

15 

1.409 

0.161 

0.695 

0.2  to  00 

1.33 

23 

1.407 

0.161 

0.698 

0.1  to  00 

0.58 

23 

0.665 

0.093 

0.677 

0.1  to  00 

0.99 

31 

0.665 

0.093 

0.681 

0.1   to    00 

0.57 

31 

0.487 

0.076 

0.663 

0.1  to  =0 

0.64 

This  table  again  emphasizes  the  less  critical  adjustment  required 
when  the  coupling  is  tight,  as  in  the  last  seven  rows. 

It  is  hoped  that  the  foregoing  data  and  comments  will  serve  as  a 
guide  to  design  methods  for  constant  frequency  oscillators,  in  so  far 
as  dependence  of  the  frequency  on  operating  voltages  is  concerned. 
Combinations  and  permutations  of  the  various  circuits  dealt  with  will 


98  BELL  SYSTEM  TECHNICAL  JOURNAL 

occur  to  the  designer  who  requires  special  arrangements  to  fit  special 
cases.  The  generalized  circuit  of  Fig.  18  is  suggested  as  being  adapt- 
able to  meet  the  most  widely  varying  conditions.  This  is  particularly 
true  at  very  high  frequencies,  since  all  the  interelectrode  capacities  are 
included  in  the  circuit  of  that  figure. 

The  popular  "push-pull"  type  of  circuit  may  likewise  be  generalized 
to  correspond  to  several  of  the  fundamental  circuits  illustrated  in  the 
figures,  and  may  be  stabilized  by  the  methods  indicated.  However, 
because  of  the  nonuniformity  of  vacuum  tubes  and  the  added  com- 
plication of  the  circuit,  no  advantage  has  been  obtained  by  its  use,  so 
that  the  single  tube  circuits  are  to  be  preferred  wherever  special  con- 
ditions do  not  require  the  push-pull  type. 

Appendix 

The  complete  and  rigorous  mathematical  relations  for  oscillation 
circuits  containing  vacuum  tubes  have  seldom  been  discussed  in  con- 
nection with  their  practical  application  to  useful  circuits.  In  the  case 
of  the  stabilization  of  oscillators  against  changes  in  battery  voltages  it 
is  important  to  base  the  theory  upon  as  strictly  rigorous  a  mathemati- 
cal foundation  as  possible,  yet  at  the  same  time  to  be  able  to  express 
the  results  in  readily  useful  terms.  It  will  be  shown  that  this  desirable 
result  may  be  attained  by  a  proper  interpretation  of  the  meaning  of 
the  internal  impedances,  Tj,  and  Vg,  of  the  vacuum  tube. 

To  show  this  in  the  shortest  and  most  obvious  way,  a  simple  series 
circuit  will  be  considered.  Let  the  circuit  consist  of  a  resistance,  R,  a 
condenser,  C,  and  an  inductance,  L,  all  connected  in  series  with  a 
vacuum  tube  which  may  be  taken  as  having  a  "negative  resistance" 
characteristic.  In  order  to  increase  the  generality  of  the  demonstra- 
tion, a  sinusoidal  driving  voltage,  E,  of  angular  frequency,  w,  is  also 
allowed  to  act  on  the  circuit.  By  Kirchkoff's  Law,  the  current  in  the 
circuit  is  expressed  by  the  equation 

E  =  RI  +  Lj^+~^ Idt-\-  V  (1) 

where  V  is  the  drop  across  the  vacuum  tube.  As  a  general  expression 
for  V  in  terms  of  the  current  the  following  expression  may  be  used: 

V  =  Fo  +  A,I  -f  A'.P  +  A,P  -f  •  •  •.  (2) 

We  are  interested  in  the  "steady  state"  solution,  and  accordingly  a 
Fourier  series  will  be  the  most  general  form  which  can  be  assumed  for 
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the  current.     It  is  convenient  to  write  the  series  in  the  following  form: 

/  =     Z    ^t.*«"'  (3) 

?{  =  — 00      ^ 

or,  for  brevity,  in  the  symbolic  form 

/  =   E/(«a;)  (4) 

where  the  summation  is  understood  to  extend  from  minus  infinity  to 
plus  infinity.     Substitution  of  (4)  and  (2)  into  (1)  gives: 

E  =  RZI(no,)  +  LZino:I{nw)  +  y^Z^^ 

C        tnoj 

+  Fo  +  ^iE/(«co)  +  ^2EE/(ww)/(mco) 

+  A3ZZJ:iinc)I(mo:)I{lco)  +  •  •  •.  (5) 

For  the  component  of  fundamental  frequency,  co,  we  get 

£(a))   =  i?/(co)  +  Lfco/(a;)  +  ^  +  ^i/(co) 

Cico 

+  ^2      E      /(wC0)/(»/C0)    +^43        E        /(wC0)/(WC0)/(/c0)    +    •  •  •         (6) 

where  the  summation  terms  involve  the  products  of  all  frequency  com- 
ponents which  beat  together  to  give  the  fundamental,  as  indicated. 
In  order  to  put  the  last  expression  in  symmetrical  form,  it  is  convenient 
to  multiply  and  divide  each  of  the  summation  terms  by  /(a;)  so  that 
we  may  write 


E{oj)  =  I{c 


i?  +  Lico  +  -i-  +  ^1  +  ^  E/(«co)/(wa;) 
+  4\E/(M^(wco)/(/a;)  + 


(7) 


This  expression  exhibits  the  terms  in  square  brackets  in  the  form  of  an 
impedance,  and  shows  that  the  vacuum  tube  may  be  treated  as  an 
ordinary  linear  circuit  element  if  it  is  considered  as  having  the  im- 
pedance 

Z  =  ^i+-^^/(„co)/(mco)  +4^yi(nc,)I{mo:)I(lo:)  +  .••.      (8) 

Of  course,  the  numerical  value  of  such  an  impedance  cannot  be 
found  from  this  expression  alone,  but  in  oscillator  analysis  there  is  no 
necessity  for  its  numerical  evaluation.  The  very  important  fact  that 
the  nonlinear  elements  in  a  circuit  network  may  be  replaced  by  equiva- 
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lent  impedances  so  that  the  ordinary  circuit  analysis  can  be  employed 
has  been  demonstrated.  It  is  possible  to  tell  something  about  the 
form  of  the  tube  impedance  from  (8).  Thus,  the  first  term,  namely 
A  I,  is  a  real  quantity  and  contributes  a  part  of  the  total  effective  re- 
sistance of  the  tube.  All  of  the  remaining  terms  are,  in  general,  com- 
plex, depending  upon  the  phases  of  the  diflerent  harmonic  currents. 
Thus,  the  conclusion  is  reached  that  a  nonlinear  resistance  may  be 
reduced  to  an  equivalent  linear  impedance,  but  that  this  impedance 
has  a  reactive  as  well  as  a  resistive  component  in  the  general  case. 
There  is  at  least  one  important  instance  where  the  equivalent  linear 
impedance  is  resistive  only.  This  occurs  when  the  impedance  in  the 
circuit  external  to  the  vacuum  tube  contains  resistance,  only,  to  all  of 
the  harmonic  currents. 

With  the  general  conception  of  the  impedance  of  the  vacuum  tube, 
described  above,  the  fundamental  component  of  (1)  becomes 


E  = 


R  +  ic^L  + -Ay, -\-  r  +  iX 


I  (9) 


where  the  tube  impedance  is  represented  by  r  -j-  iX. 

When  the  driving  voltage,  E,  is  zero,  as  in  the  case  of  oscillators, 
then  for  a  finite  current  to  exist  the  oscillation  conditions  are: 


R-\-  r  =  0 
oiL  --^+X  =  0 


(10) 


In  the  treatment  of  oscillator  networks  employed  in  the  foregoing 
paper  the  quantities,  Tp  and  fg,  are  used  in  the  sense  of  the  resistance,  r, 
in  (9)  and  (10)  of  this  appendix.  The  reactive  component,  A^,  of  the 
tube  impedance  has  been  neglected  in  the  paper,  for  the  reason  that  all 
of  the  circuits  discussed  are  of  such  character  that  the  reactance  of  the 
external  circuit  to  the  harmonic  currents  may  be  made  quite  low,  and 
the  nonlinearity  of  the  vacuum  tube  characteristics  is  not  such  as  to 
cause  excessive  production  of  harmonics. 

In  the  case  of  the  dynatron  type  of  oscillator,  where  the  harmonic 
currents  are  especially  strong,  it  has  been  found  by  experiment  that  the 
reactive  component  of  the  tube  impedance  cannot  be  neglected,  but 
that  it  is,  in  fact,  altogether  responsible  for  the  variation  in  frequency 
with  battery  voltages  which  is  characteristic  of  the  dynatron  oscillator. 


Some  Physical  Properties  of  Wiping  Solders  * 

By  D.  A.  MCLEAN,  R.  L.  PEEK,  Jr.,  and  E.  E.  SCHUMACHER 

The  plasticity  of  a  number  of  solders  at  wiping  temperatures  has  been 
determined  by  compression  tests  between  parallel  plates.  The  character  of 
the  flow  is  found  to  be  that  corresponding  to  a  linear  relation  between  shear- 
ing stress  and  a  fractional  power  of  the  velocity  gradient.  This  corresponds 
approximately  to  a  relation  between  rate  of  compression  (dh/dt)  and 
sample  height  (h)  given  by  the  equation:  dh/dt  =  kh^,  in  which  k  and  b  are 
constants,  of  which  b  is  independent  of  the  test  conditions.  For  viscous 
materials  &  =  5.0;  for  most  solders  b  is  greater  than  5.0,  and  increasing  values 
of  b  are  associated  with  lower  temperature  gradients  of  plasticity.  It  is 
shown  that  a  solder  must  have  a  low  temperature  gradient  of  plasticity  in 
order  to  be  properly  wiped,  and  that  determination  of  the  value  of  b  by 
means  of  a  plasticity  test  can  therefore  be  used  to  evaluate  the  working 
properties  of  a  solder. 

A  number  of  factors  upon  which  the  plasticity  of  wiping  solders  and 
the  porosity  of  wiped  joints  may  depend  have  been  investigated.  In  par- 
ticular, it  is  shown  that  segregation  is  not  responsible  for  porosity,  but  that 
the  latter  may  be  dependent  upon  the  particle  size  of  the  solid  phase  at 
wiping  temperatures.  The  relation  of  particle  size  to  the  wetting  power  of 
the  liquid  phase  is  discussed. 

A  WIPING  solder  is  one  used  in  joining  sections  of  lead  (or  lead 
alloy)  piping  or  sheathing,  such  as  that  used  for  telephone 
cables.  As  such,  it  must  wet  the  sheathing  readily,  must  be  coherent 
and  plastic  enough  to  be  worked  with  the  hands  over  a  considerable 
temperature  range,  and  must  form  a  strong,  non-porous  joint.  The 
desirable  qualities  for  a  wiping  solder  have  been  more  fully  enumerated 
by  Schumacher  and  Basch,^  but  the  above  will  suffice  for  consideration 
in  connection  with  this  paper. 

One  phase  of  a  general  investigation  of  wiping  solders  has  been  a 
study  of  their  plastic  properties  in  the  temperature  range  in  which 
they  are  wiped.  In  this  study  consideration  has  been  given  not  only 
to  the  working  properties  which  a  solder  must  have  in  order  to  be 
properly  wiped,  but  also  to  certain  other  properties  which  may  affect 
the  character  of  the  wiped  joint,  particularly  those  which  may  result 
in  porosity  of  the  joint. 

The  temperatures  at  which  the  tests  described  below  were  made  lie 
in  the  wiping  range,  and  are  intermediate  to  those  represented  by  the 
solidus  and  liquidus  lines  in  the  respective  equilibrium  diagrams  of  the 
solders  investigated.     At  such  temperatures  the  alloys  form  two  phase 

*  Presented  before  the  Society  of  Rheology,  Rochester,  New  York,  December  28, 
1931.     Published  in  Jour,  of  Rheologv,  January,  1931. 

1  E.  E.  Schumacher  and  E.  J.  Basch,  Ind.  &  Eng.  Chem.,  21,  16  (1929). 
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systems,  in  which  a  solid  phase,  composed  principally  of  one  con- 
stituent, is  dispersed  in  a  liquid  phase,  whose  composition  and  abun- 
dance is  a  function  of  the  temperature  and  the  gross  composition  of 
the  alloy.  These  facts  suggest  that  the  character  of  a  solder  may  be 
related  in  the  wiping  range  to  the  following  properties:  solid-liquid 
ratio,  solid  particle  size,  viscosity  of  the  liquid  phase,  tendency  to 
segregation,  and  the  interfacial  tension  between  solid  and  liquid 
phases. 

Objects  of  Investigation 

The  objects  of  the  investigation  may  be  summarized  under  the 
following  headings: 

1.  Character  of  Flow:  It  was  hoped  that  by  means  of  plasticity  deter- 
minations, data  would  be  obtained  permitting  the  flow  of  the  various 
alloys  to  be  formulated  in  simple  terms,  and  that  appropriate  flow 
constants  could  be  evaluated  which  would  suffice  to  describe  the  nature 
and  extent  of  deformation  under  specified  conditions  of  stress.  This 
object  was  largely  realized  through  the  discovery  that  the  flow  is 
similar  in  character  to  that  of  many  colloidal  dispersions,  corresponding 
approximately  to  what  would  be  expected  if  a  power  relation  exists 
between  stress  and  velocity  gradient, 

2.  Relation  of  Plasticity  to  Workability:  The  primary  purpose  of  the 
plasticity  studies  was  to  determine  if  the  information  thus  obtained 
could  be  related  to  the  working  characteristics  of  the  solders.  If  a 
clear-cut  relation  could  be  found,  the  plastometer  could  be  employed 
in  testing  new  alloys  for  use  as  solders,  and  in  making  control  tests  on 
solders  as  supplied  to  the  splicers.  As  a  matter  of  fact,  a  simple 
relation  between  the  plasticity  data  and  workability  was  found  to 
exist,  on  which  can  be  based  a  method  of  employing  the  plastometer  in 
research  studies  of  solders.  In  addition  the  plasticity  appears  to  be 
very  sensitive  to  composition  changes,  and  its  measurement  with  the 
plastometer  should  in  consequence  be  useful  as  a  control  test. 
Whether  this  latter  possibility  can  be  realized  in  engineering  practice 
has  not,  as  yet,  been  ascertained. 

3.  Plasticity  and  Solid-Liquid  Ratio:  Early  in  the  investigation  it 
was  suggested  that  the  plasticity  might  be  related  to  the  solid-liquid 
ratio.  If  this  were  so,  the  plasticity  and  its  temperature  gradient 
could  be  predicted  from  the  equilibrium  diagram  for  any  particular 
alloy,  and  calculation  of  solid-liquid  ratios  could  be  used  to  supplant 
or  to  corroborate  plasticity  determinations.  While  for  any  one 
solder,  of  course,  the  plasticity  increases  with  the  ratio  of  liquid  to 
solid,  no  relation  common  to  any  group  of  solders  was  found  to  hold 
between  plasticity  and  the  solid-liquid  ratio. 
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4.  Porosity:  At  the  start  of  the  investigation  it  was  thought  that  the 
porosity  of  the  joint  might  be  related  to  the  plasticity  of  the  solder. 
As  this  was  not  found  to  be  the  case,  other  factors  which  might  be 
responsible  for  this  condition  were  investigated.  In  particular, 
experiments  were  performed  to  determine  if  porosity  is  dependent 
upon  segregation,  or  if  it  is  related  to  the  particle  size  of  the  solid  phase 
at  wiping  temperatures.  Porosity  and  segregation  were  found  to  be 
quite  independent,  but  a  relation  between  porosity  and  particle  size 
was  found  in  the  two  tests  made  in  this  connection. 

Experimental  work  directed  toward  these  objects  has  in\olved  the 
following  groups  of  experiments: 

1.  Plasticity  studies. 

2.  Segregation  studies. 

3.  Investigation  of  particle  size. 

The  first  of  these  groups  was  planned  to  cover  the  first  three  objects 
enumerated  above,  while  the  other  two  groups  are  of  interest  in  con- 
nection with  porosity. 

Alloys  Ixvestigated 

Six  different  alloys  were  tested  as  described  in  Table  I.  In  this 
table,  the  compositions  sought  in  preparing  the  samples  are  given, 
together  with  the  composition  found  by  analysis  at  the  top  and  bottom 
of  the  cast  (T  &  B),  except  for  solders  Nos.  5  and  6,  of  which  no 
analyses  were  made. 

Nos.  2  and  3  are  good,  workable  solders  giving  non-porous  joints, 
with  No.  3  possibly  being  given  preference  in  ease  of  handling  while 
the  joint  is  being  wiped.  No.  1  is  also  satisfactory  from  the  standpoint 
of  workability,  but  the  joints  formed  from  it  are  often  porous,  while 
the  splicers  described  it  as  being  somewhat  "  coarse."  No.  4  is  un- 
satisfactory in  all  respects.  Some  tests  on  No.  5  showed  it  to  be  good, 
but  in  recent  tests  the  workability  has  been  poor  and  a  number  of 
porous  joints  have  been  found.  Solder  No.  6  seemed  to  be  fair  both 
in  workability  and  porosity,  but  the  number  of  tests  has  been  alto- 
gether too  limited  for  definite  conclusions  to  be  drawn.  The  work- 
ability of  neither  of  these  last  two  solders  is  as  good  as  that  of  the 
lead-tin  and  lead-tin-cadmium  alloys.  The  results  of  wiping  and 
porosity  tests  are  summarized  to  the  right  of  Table  I. 

A  point  which  the  authors  wish  to  stress  is  that  they  are  interested 
here  only  in  two  of  a  number  of  factors  which  may  affect  the  utility 
of  solders;  namely,  workability  and  porosity.  Therefore,  that  a 
solder  is  good  in  those  respects  does  not  necessarily  imply  that  it  is  a 
good  solder  in  a  general  sense,  and  leaves  open  the  question  as  to 
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TABLE   I 


Per 

Cent 

Pb 

Per 

Cent 

Sn 

Per 
Cent 
Cd 

Per 

Cent 

Bi 

Per 
Cent 
Zn 

Workability 

Lack 

of 

Porosity 

Tested 
at 
"C. 

Solder  No.  1 

Desired 

Actual  T 

Actual  B 

Solder  No.  2 

Desired 

65 

60 

67 

60 

67 
65 

35 

34.50 

34.62 

40 

40.32 

40.69 

24 

24.00 

24.13 

13 

9 

9.28 
9.38 

4.25 

40 

40.25 
40.20 

28.5 

22 

.25 

Good 

Good 

Excellent 

Poor 

Fair 
Fair 

Porous 

Good 

Good 

Porous 

Porous 
Good 

196,  204 
and  210 

183,  185 
and  194 

Actual  T 

Actual  B 

Solder  No.  3 

Desired                .  . 

170,  184 
and  192 

Actual  T 

Actual  B 

Solder  No.  4 

Desired 

Actual  T 

Actual  B 

Solder  No.  5 

149,153, 

Desired 

157,  161 

Solder  No.  6 

140,  148, 

Desired 

156,  160 

T  =  Top  of  cast. 
B  =  Bottom  of  cast. 

whether  or  not  consideration  of  other  factors  may  show  it  to  be  unsatis- 
factory as  a  wiping  solder. 

Plasticity  Studies 
Experimental  Procedure 

The  plastometer  used  in  the  investigation  is  a  modification  of  the 
instrument  used  by  Williams  ^  in  studies  on  rubber  compounds.  It 
has  been  fully  described  elsewhere  ^  by  one  of  the  writers.  A  heat- 
insulated  cylindrical  steel  block  provided  with  heating  elements  and 
thermocouples  contains  a  central  cylindrical  well  2}4  inches  (6.35 
cm.)  in  diameter  and  5  inches  (12.70  cm.)  deep.  The  block  itself  is 
about  12  inches  (30.48  cm.)  in  diameter,  being  made  large  to  prevent 
rapid  temperature  fluctuations.  A  flat-bottomed  cylindrical  plunger, 
also  carrying  heating  elements  and  a  thermocouple,  fits  into  the  well 
with  a  small  clearance.  The  load  on  the  plunger  may  be  adjusted  to 
suit  the  conditions  of  test.  A  sample  of  the  material  to  be  tested  is 
placed  under  the  plunger,  given  90  minutes  to  come  to  temperature  and 
the   plunger    released   and   allowed    to  compress    the  sample.     The 

2  I.  Williams,  Ind.  &  Eng.  Chem.,  16,  262  (1924). 

3  R.  L.  Peek,  Jr.,  "Parallel  Plate  Plastometry"  (now  being  prepared  for  pub- 
lication). 
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temperature  is  frequently  checked,  and  can  be  controlled  within 
±  1°  C.  by  adjusting  external  resistances.  The  sample  height  is 
measured  at  inter\-als  by  an  Ames  gauge  which  moves  with  the  plunger, 
a  complete  record  of  sample  height  vs.  time  being  thus  obtained. 
With  one  exception,  the  tests  here  reported  were  continued  for  30 
minutes. 

The  sample  size  used  was  one  which  has  been  found  convenient — a 
cylinder  1.374  inches  (3.490  cm.)  in  diameter  and  .300  inch  (.762 
cm.)  high.  Samples  were  obtained  from  a  single  cast  of  each  solder, 
tested  for  blow-holes  and  inclusions  by  density  measurements. 
Samples  were  milled  to  dimensions  with  a  tolerance  of  ±  .001  inch 
(.0025  cm.).  The  weight  of  the  plunger  and  load  was  30  lbs.  (13.63 
kg.). 

Character  of  the  Flow 

The  data  directly  obtained  in  a  typical  run,  readings  of  sample 
height  vs.  time  from  start  of  run,  are  plotted  in  Fig.  1,  together  with 
tangents  to  the  curve  fitting  the  points  plotted.  By  computing  the 
slope  of  such  tangents  there  are  obtained  values  of  the  rate  of  com- 
pression, dh/dt,  corresponding  to  various  values  of  sample  height,  //. 
If  these  are  plotted  logarithmically,  log  dh/dt  vs.  log  h,  as  in  Fig.  2, 
a  straight  line  is  obtained.  This  shows  that  under  the  test  conditions 
employed,  the  relation  between  sample  height  and  rate  of  compression 
is  of  the  form: 

(ih       , , , 

where  k  and  b  are  empirical  constants.  All  the  tests  made  on  solders 
gave  results  that  could  be  fitted  with  an  equation  of  this  type.  At 
any  one  temperature  the  value  of  b  was  constant  for  a  given  solder, 
while  the  value  of  k  varied  with  the  load  and  sample  volume  but  was 
independent  of  the  initial  sample  height.  A  limited  number  of  tests 
have  indicated  that  all  runs  made  on  any  one  solder  at  a  given  tem- 
perature can  be  represented  by  an  equation  of  the  type: 

dh       ^  Wh'' 

dt^"^-^'  (2) 

where  W  is  the  load,   V  the  sample  volume  and  K,  a,  b,  and  c  are 

constants  characteristic  of  the  material. 

It  has  been  shown  both  theoretically  ^  and  experimentally  ^-  ^  that 

"O.  Reynolds,  Phil.  Trans.,  Land.,  177A,  157  (1886). 
*Ormandy,  "The  Engineer,"  143,  362,  393  (1927). 
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a  cylindrical  sample  of  a  viscous  material  is  compressed  between 
parallel  plates  at  a  rate  given  by: 

dt        3v    V^  '  ^^^ 

where  r?  is  the  viscosity.  This  equation  is  of  the  form  of  Equation  2 
with  b  —  5.  In  the  solder  tests,  the  values  of  b  obtained  were  in 
general  much  larger  than  5.0,  so  that  these  materials  are  not  strictly 
viscous.  On  the  other  hand,  the  fact  that  the  results  are  independent 
of  the  initial  sample  height  indicates  that  the  rate  of  flow  is  inde- 
pendent of  the  strain;  while  the  fact  that  the  curves  of  log  dh/dt  vs. 
log  /;  continue  to  be  linear  at  very  low  rates  of  flow  indicates  the 
absence  of  any  yield  point,  or  minimum  stress  required  for  flow. 
Hence  the  stress  required  for  compression  appears  to  be  of  the  type 
which  has  been  called  quasi-viscous — wholly  dependent  on  the  velocity 
gradient. 

Flow  of  this  type,  of  which  viscous  flow  is  a  special  case,  has  been 
observed  in  colloidal  solutions  tested  by  the  capillary  tube  method. 
In  such  solutions  deW'aele  ^  found  the  rate  of  efflux  proportional,  not 
to  the  pressure  (as  in  strictly  viscous  fluids^),  but  to  a  power  of  the 
pressure.  Porter  and  Rao  ^  have  shown  that  this  would  be  the  case 
if  it  were  assumed  that  the  shearing  stress  (r)  is  proportional  to  a 
power  of  the  velocity  gradient  (dv/dx),  or  t  —  ri'  {dv/dxY''^,  where  77' 
and  n  are  constants;  dv/dx  is  the  velocity  gradient  normal  to  the 
plane  in  which  t  is  the  tangential  stress.  Assuming  this  relation,  the 
case  of  compression  between  parallel  plates  has  been  shown  '  to  be 
given  by: 

5(«-|-l) 

dh       ^TT'"A    2 

di  =  ^-—E±r'  (^) 

V      2 

where  C  is  a  constant  inversely  proportional  to  ??'.  The  development 
of  Equation  4  employs  approximations  corresponding  to  those  used 
in  obtaining  Equation  3,  involving  the  assumption  that  the  diameter 
of  the  sample  is  large  compared  with  its  height. 

As  a  matter  of  at  least  theoretical  interest  a  series  of  runs  were  made 
on  one  solder  (No.  2)  employing  different  loads  and  sample  volumes, 
and  the  data  thus  obtained  were  analyzed  with  reference  to  their 
agreement  with  Equation  4.     This  analysis  is  given  in  an  appendix 

6  A.  de  Waele,  /.  Oil  &  Color  Chem.  Assn.,  6,  ii  (1923). 
^Bingham,  "Fluidity  and  Plasticity,"  McGraw-Hill. 
^  Porter  and  Rao,  Trans.  Faraday  Soc,  23,  311  (1927). 
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to  this  paper,  and  shows  that  all  runs  could  be  fitted  without  significant 
variation  by  an  equation  of  the  form  of  Equation  1,  and  that  the  values 
of  b  for  these  different  runs  did  not  differ  significantly  from  one 
another.  On  the  other  hand,  the  values  of  k  thus  obtained  did  differ 
significantly  from  an  expression  of  the  form  k  =  K{W°'/V''),  in 
which  K,  a,  and  c  were  selected  to  give  the  best  agreement  w^ith  the 
data,  indicating  that  Equation  2,  as  applied  to  this  material,  is  not 
strictly  correct.  The  values  of  a  and  c  thus  obtained  differed  con- 
siderably from  the  values  of  n  and  (3«  +  l)/2  respectively  that  would 
be  required  if  Equation  4  applied,  n  being  given  by  equating  b  to 
5{n  +  l)/2  in  accordance  with  this  equation.  On  the  other  hand, 
these  differences  were  not  indicated  as  necessarily  significant,  so  that 
it  appears  that  Equation  4  applies  to  these  data  to  a  fair  approxima- 
tion, the  divergence  being  perhaps  due  wholly  to  the  approximations 
employed  in  the  theoretical  development. 

Regardless  of  the  accuracy  of  Equation  4,  the  considerations  dis- 
cussed above  indicate  quite  clearly  that  the  flow  of  solders  in  the  wiping 
range  is  quasi-viscous  (independent  of  strain,  and  of  a  yield  point 
requirement)  and  hence  similar  to  the  flow  of  many  colloidal  solutions. 
This  conclusion  is  in  agreement  with  the  fact  that  at  these  tem- 
peratures solder  consists  of  a  solid  phase  dispersed  in  a  liquid  phase. 
It  is  furthermore  apparent  that  the  quantity  b-  5  (or  of  1  -  n,  if  use  is 
made  of  the  theory  given)  is  a  measure  of  the  departure  of  the  material 
from  a  strictly  viscous  condition. 

Evaluation  of  Floic  Constants 

With  the  exception  noted  above,  the  runs  made  with  the  various 
solders  tested  were  confined  to  a  single  sample  size  and  a  single  load. 
In  each  case  values  of  b  were  obtained  by  plotting  log  dh/dt  vs.  log  h, 
values  of  the  former  quantity  being  found  by  plotting  tangents  as 
described.  To  illustrate  the  reproducibility  of  points  in  the  plot  of 
log  rate  vs.  log  height.  Fig.  2  has  been  prepared  from  Fig.  1.  Curves 
I  and  II  of  Fig.  1  were  plotted  to  different  scales  of  sample  height 
and  the  tangents  drawn.  In  Fig.  2  are  plotted  values  of  log  dJi/dt 
against  log  h  from  the  two  curves.  It  is  seen  that  the  line  would  be 
drawn  in  practically  the  same  place  if  either  set  of  points  was  taken 
alone. 

In  comparing  solders  it  is  evident  that  the  sample  height  after  a 
given  time  is  a  rough  measure  of  relative  consistency,  the  softer 
material  showing  the  lower  sample  height.  But  from  Equation  1  it  is 
evident  that  such  a  comparison  may  be  misleading  for  materials 
showing  different  values  of  b.     This  is  brought  out  in  Fig.  3,  in  which 
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are  given  the  height  vs.  time  curves  for  two  different  solders.  It  will 
be  seen  that  the  curves  cross  each  other,  and  that  the  consistency  of 
such  samples  would,  if  rated  on  such  a  basis,  depend  upon  the  time 
selected  for  the  comparison.  In  comparing  two  solders  tested  under 
the  same  conditions,  consideration  must  be  given  to  both  constants 
of  Equation  1  {k  and  b).  For  purposes  of  qualitative  comparison  an 
equivalent  procedure  is  to  consider  the  sample  heights  at  two  different 
times  for  each  sample  listed. 
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Fig.  1 — Plot  of  a  typical  set  of  plasticity  data.     Solder  No.  5 — 157°  C. 


Comparison  of  Plasticity  with  Solid  Liquid  Ratio 

A  summary  of  the  results  of  the  plasticity  tests  is  given  in  Table  II. 
In  this  are  included  values  of  the  percentage  of  liquid  present  in  the 
solder  at  the  test  temperature,  calculated  from  the  equilibrium 
diagrams  by  the  method  advocated  by  Tammann.^ 

Sample  heights  after  30  minutes  of  compression  are  plotted  in  Fig.  4 
against  per  cent  liquid  phase  present  under  the  conditions  of  test. 
As  one  would  expect,  the  points  for  any  given  solder  can  be  placed  on 
a  smooth  curve,  in  which  an  increase  in  the  proportion  of  liquid  phase 

8  Gustav  Tamniann,  "A  Textbook  of  Metallography." 
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TABLE   II 
Results  of  Plasticity  Tests 


Solder 

Temper- 
ature 
°C. 

Sample 
Height 
1  Min. 

Sample 
Height 
10  Min. 

Sample 
Height 
30  Min. 

Per  Cent 
Liquid 

* 

b 

Aver- 
age 
b 

No.  1 

196 
204 
210 

162 
145 
117 

132 
125 
104 

116 
94 

47.5 
51.7 
55.1 

14.58 
19.12 
14.20 

16.0 

No.  2 

183 
185 
194 

150 
143 
127 

128 
124 
111 

118 
114 

103 

52.4 
53.4 
57.8 

15.80 
15.56 
17.24 

16.2 

No.  3 

170 
184 
192 

132 
130 
115 

118 
114 
101 

110 

105 

93 

43.4 
51.2 
55.8 

25.60 
18.14 
19.30 

21.0 

No.  4 

162 
166 
170 

266 

197 

42 

245 

110 

33 

203 
83 
29 

55.5 
59.4 
62.4 

3.88 
3.58 

t 

3.73 

No.  5 

149 
153 
157 
161 

245 
200 
185 

255 
198 
158 
154 

166 
140 
127 

6.02 

6.39 

9.65 

10.90 

8.24 

No.  6 

140 
148 
156 
160 

262 
214 
164 
143 

244 
175 
139 
124 

224 
156 
127 
115 

12.3 
10.2 
15.9 
15.6 

13.5 

*  Equilibrium  Diagrams  used: 
Solder  No.  1  and  2 — Rosenhain  &  Tucker. 
Solder  No.  3— Stoffel. 
Solder  No.  4 — International  Critical  Tables,  Vol.  IV. 

t  Sample  heights  taken  were  too  low  to  render  the  data  significant. 


corresponds  to  a  decrease  in  the  sample  height  at  any  specified  time. 
However,  the  curves  for  the  different  solders  do  not  fall  together.  As 
a  matter  of  fact,  no  such  agreement  would  be  expected  after  studying 
results  such  as  those  plotted  in  Fig.  3.  The  curves  given  in  this 
figure  show  that  if  a  number  of  solders  are  tested  at  temperatures 
corresponding  to  a  given  solid-liquid  ratio,  they  may  fall  in  quite 
different  orders  with  respect  to  each  other  in  a  comparison  of  sample 
heights,  according  to  the  time  chosen  for  the  comparison. 

Still  less  agreement  among  the  solders  is  shown  when  values  of  h 
are  compared  with  percentage  of  liquid  phase.  There  seems  to  be  no 
relation  here;  in  fact,  for  a  given  solder  alteration  of  the  temperature 
and  hence  of  the  proportion  of  liquid  phase,  does  not  seem  to  have 
much  effect  upon  the  value  of  h. 

A  survey  of  the  curves  and  data  shows  that  the  possibility  of  drawing 
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any  conclusions  from  the  solid-liquid  ratios  regarding  the  plasticity 
to  be  expected  or  regarding  the  quality  of  the  solder  must  be  dismissed. 

Comparison  of  Workahility  and  Temperature  Gradient  of  Plasticity 

In  Fig.  5  are  shown  the  plasticity-temperature  gradients  for  the 
various  solders.  Here  comparative  values  of  plasticity  for  any  one 
solder  are  taken  as  given  by  the  sample  heights  after  ten  minutes  of 
compression.  It  is  seen  that  solders  No.  1,  2  and  3  show  good  (low) 
gradients,  with  No.  3  seeming  to  be  superior,  while  Nos.  5,  6  and 
especially  No.  4,  show  a  large  variation  in  plasticity  with  temperature. 
Since,  if  it  is  to  be  properly  worked,  a  wiping  solder  must  not  vary 
rapidly  in  consistency  with  temperature,  this  can  be  used  as  one 
criterion  for  choosing  a  satisfactory  solder,  and  on  this  basis  the 
solders  tested  should  be  placed  in  an  order  consistent  with  Fig.  5. 

Such  a  rating  is  quite  in  agreement  with  actual  working  charac- 
teristics, which  rank  solder  No.  3  first.  No.  4  last,  the  others  falling  in 
between  in  essentially  the  order  which  Fig.  5  would  indicate. 

It  is  now  of  interest  to  determine  if  there  exists  any  relation  between 
the  rapidity  with  which  the  plasticity  varies  with  temperature  and 
the  values  of  h,  the  slope  of  the  log  rate  vs.  log  height  curve.  Reference 
to  Table  II  will  show  that  there  is  a  wide  divergence  in  the  values  of 
h  found  for  the  different  solders.  It  is  further  seen  that  the  difference 
exhibited  from  one  alloy  to  the  next  is  greater  than  the  difference 
between  individual  runs  on  one  solder  at  different  temperatures.  This 
virtual  constancy  of  h  for  any  one  solder  justifies,  it  may  be  noted  in 
passing,  the  use  of  sample  heights  after  fixed  intervals  of  compression 
as  comparative  measures  of  plasticity,  as  in  Figs.  4  and  5.  There 
would  be  no  such  justification  for  using  such  sample  heights  in  com- 
paring different  alloys  having  different  values  of  b. 

If  then  h  is  regarded  as  a  constant  for  any  one  solder,  independent 
of  temperature,  mean  values  of  b  for  each  solder  may  be  computed 
from  the  values  obtained  at  different  temperatures.  Such  mean 
values  have  been  computed,  and  are  included  in  Table  II.  Com- 
parison of  these  with  the  curves  of  Fig.  5  shows  a  striking  agreement 
between  the  order  of  the  solders  based  on  increasing  temperature 
gradients  and  that  based  on  decreasing  values  of  b.  This  suggests 
that  the  temperature  gradient  of  plasticity  is  the  lower,  the  more 
removed  is  the  character  of  the  flow  from  that  of  a  strictly  viscous 
liquid.  Furthermore,  it  is  apparent  that  if  the  value  of  b  is  an  inverse 
measure  of  the  temperature  gradient  of  plasticity,  and  if  the  latter  is 
in  turn  an  inverse  measure  of  the  workability  of  a  solder,  then  the 
value  of  6  is  a  direct  measure  of  workability. 
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As  the  value  of  b  can  be  determined  in  a  single  test  with  the  plastom- 
eter,  its  relation  to  workability  should  permit  of  the  rapid  e\'al nation 
of  the  latter  property,  provided  the  relation  holds  in  general.  Apply- 
ing this  criterion  to  the  solders  tested,  No.  4,  showing  virtually  a 
viscous  type  of  flow,  {b  ^  5),  would  be  at  once  thrown  out.  Solder 
No.  3  would  be  classed  as  a  superior  solder  from  the  standpoint  of 
workability.  Nos.  1  and  2  could  be  classed  as  satisfactory.  The  use 
of  Nos.  5  and  6  would  be  questionable,  with  No.  6  having  the  best 
chance  for  success.  Practical  tests  on  these  last  two  solders  are  insuf- 
ficient to  completely  confirm  this  classification,  but  general  indications 
are  that  it  is  correct.  Practice  has  completely  confirmed  the  classi- 
fication of  the  other  four. 

Usefidness  of  Plastometer  in  Research  and  Control  Testing 

It  is  believed  that  the  work  which  has  been  done  on  these  six  solders 
has  furnished  information  which  justifies  the  use  of  the  plastometer  in 
the  future  when  any  group  of  alloys  is  to  be  investigated  as  to  working 
properties.  It  appears  that  the  principal  demand  upon  a  workable 
solder  is  a  wide  temperature  range  in  which  it  can  be  worked.  Whether 
or  not  a  solder  is  suitable  in  this  respect  can  very  well  be  determined 
by  the  plastometer  either  by  making  runs  at  several  temperatures  or 
by  determining  b  at  some  temperature  representative  of  the  wiping 
range. 

A  further  possible  use  of  the  plastometer  is  in  testing  solders  manu- 
factured or  purchased  subject  to  requirements  as  to  their  composition. 
As  a  rule,  the  sample  height  after  a  given  time  of  compression  is  quite 
different  for  alloys  differing  in  composition.  This  is  illustrated  by 
the  curves  of  Fig.  6,  which  represent  the  data  obtained  with  the 
plastometer  on  a  number  of  alloys.  These  show  that  such  a  test  of 
composition  would  not  be  infallible  in  a  wide  application,  as  the  quite 
dissimilar  alloys  C  and  F  give  quite  similar  curves.  In  distinguishing 
an  excess  or  deficiency  of  one  component  in  any  given  series  of  alloys, 
however,  the  test  should  be  quite  sensitive. 

If  the  plastometer  were  used  for  this  purpose,  the  allowable  limits 
of  composition  would  correspond  to  limits  of  sample  height  in  satis- 
factory samples.  Consider,  for  example,  the  case  of  a  lead-tin  solder 
of  a  composition  between  that  of  solders  Nos.  1  and  2.  A  convenient 
temperature  of  test  would  be  195°  C.  At  this  temperature,  the 
sample  height  after  ten  minutes  would  be  110  mils  for  a  solder  of  com- 
position 65  per  cent  Pb,  35  per  cent  Sn,  and  137  mils  for  one  of  com- 
position 60  per  cent  Pb,  40  per  cent  Sn.  Since  the  plastometer  results 
are  reproducible  within  2  mils,  the  accuracy  in  detecting  variation  in 
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composition  should  be  easily  within  0.5  per  cent.  Whether  the  possible 
usefulness  of  the  test  could  be  realized  economically  in  engineering 
practice  has  not  as  yet  been  ascertained. 
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Fig.  6 — A  group  of  plasticity  curves  illustrating  the  effect  of  composition  upon 

plasticity. 

Segregation 
Experimental  Deiermination 

The  plastic  deformation  of  a  material  composed  of  solid  and  liquid 
phases,  such  as  a  solder  during  wiping,  presents  a  condition  favorable 
to  segregation,  and  this  phenomenon  has  often  been  thought  to  play 
an  important  role  in  determining  the  quality  of  a  solder.  Especially 
has  this  been  true  in  regard  to  porosity.  Now,  if  a  sample  of  solder 
which  has  a  tendency  to  segregate  is  subjected  to  a  plasticity  test,  a 
considerable  amount  of  liquid  phase  should  be  pushed  to  the  outer 
edges  of  the  sample  during  the  first  part  of  the  run.  Since  the  liquid 
phase  always  contains  that  part  of  the  sample  which  later  solidifies  as 
the  eutectic,  it  follows  that  after  the  sample  has  been  allowed  to  cool, 
the  outer  edges  should  be  richer  in  eutectic  than  the  central  portion. 

This,  as  a  matter  of  fact,  was  found  to  be  true,  and  measurements 
of  segregation  were  made  upon  a  number  of  samples  taken  from  the 
plastometer.  These  samples  were  usually  about  5  cm.  in  diameter. 
They  were  cut  diametrically,  polished  and  etched. 
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Photographs  were  taken  with  a  magnification  of  25  X ,  which  allowed 
0.5  cm.  of  the  sample  to  be  photographed  at  one  time.  Three  photo- 
graphs were  taken  along  the  radius  of  each  sample,  one  bordered  by  the 
axis  of  the  sample,  one  by  the  edge,  and  one  mid-way  between  these 
two. 

These  photomicrographs  were  placed  in  a  beam  of  light  of  constant 
intensity.  Since  the  eutectic  appears  as  a  light  background,  while  the 
particles  which  separate  out  as  solid  above  the  eutectic  temperature 
appear  dark,  the  light  transmitted  through  the  plate  is  a  comparative 
measure  of  the  relative  amount  of  eutectic  present  in  different  parts 
of  the  sample.  The  variation  in  light  transmitted  as  the  picture  is 
passed  before  the  beam  therefore  indicates  the  amount  of  segregation. 
The  transmitted  light  was  directed  on  a  caesium  photo-cell  and  the 
amplified  photo-electric  current  measured,  four  measurements  being 
required  to  span  each  plate,  making  twelve  measurements  on  each 
sample. 

Table  III  gives  the  results  of  these  measurements.  In  this  table, 
only  the  averages  of  the  four  measurements  of  each  photomicrograph 
are  given. 

TABLE  III 

Segregation  Measurements 
Light  Transmitted  Measured  in  Milliamperes  of  Amplified  Photo-electric  Current 


Sample 

Ligh   Transmitted — Ma. 

Solder 

Temp. 
°C. 

.25  en  . 
from  Center 

1.25  cm. 
from  Center 

2.25  cm. 
from  Center 

1 

204 
210 

183 
186 
194 

170 
184 
194 

162 
166 
170 

0.36 
0.35 

0.88 
0.44 
0.22 

0.45 
0.83 
0.49 

0.63 
0.66 
0.61 

1.08 
1.07 

1.58 
0.69 
0.69 

0.57 
0.87 
0.57 

0.49 
0.63 
0.60 

2  00 

2 

1.55 

3.20 
1.16 
0.81 

1  06 

3 

4 

0.99 
0.69 

0  58 

0.63 
0.65 

Results — Comparison  with  Porosity 

The  only  conclusion  that  can  be  drawn  from  this  tabulation  of 
results  is  that  segregation  is  not  an  important  factor  in  porosity. 
Among  solders  Nos.   1,  2  and  3,  good  and  poor  solders  alike  show 
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segregation  to  a  large  extent.  No  marked  difference  seems  to  exist, 
for  example,  between  the  segregation  of  solder  No.  2,  which  forms 
non-porous  joints,  and  solder  No.  1,  which  is  a  poor  solder  from  the 
standpoint  of  porosity.  On  the  other  hand,  in  solder  No.  4,  an  ex- 
tremely poor  solder,  segregation  is  so  slight  as  to  be  negligible.  In 
Fig.  7  are  plotted  the  data  for  solders  Nos.  1  and  4,  the  former  showing 
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Fig.  7 — Segregation  measurements  on  two  solder  samples. 

considerable  segregation  and  the  latter  practically  no  segregation  of 
solid  from  liquid  phase. 

It  is  interesting  to  note  how  w^ell  the  segregation  measurements 
confirm  the  plasticity  data.  Solders  Nos.  1,  2,  and  3,  showing  clearly 
the  quasi-viscous  type  of  flow,  also  show  marked  segregation,  re- 
vealing the  reluctance  of  the  solid  particles  to  move  and  their  con- 
sequent piling  up  near  the  center  of  the  sample.  In  solder  No.  4,  the 
flow  is  of  the  viscous  type,  and  consequently  there  is  no  segregation. 
The  solid  phase  and  the  liquid  phase  do  not  separate,  but  flow  together 
as  a  viscous  whole. 

Particle  Size 
Relation  to  Porosity 

It  was  thought  that  in  solders  forming  porous  joints  the  solid  phase 
may,  at  wiping  temperatures,  be  present  as  particles  relatively  large 
in  size,  in  which  case  the  liquid  must  be  in  larger  recesses  than  would 
be  the  case  if  the  particles  were  small.  The  cohesion  of  the  solder 
while  it  is  being  worked  and  while  it  is  solidifying  must  depend  to 
some  extent  upon  the  adhesion  between  solid  and  liquid.  The  larger 
the  particles,  the  greater  the  distances  through  w^hich  the  surface 
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forces  must  operate  in  hindering  the  free  motion  of  the  Hquid  phase. 
The  liquid  phase  in  a  two-phase  system  where  the  particles  are  large 
should  then  be  only  loosely  bound  to  the  mass,  and  though  there 
might  be  no  gross  tendency  toward  segregation,  this  liquid  phase  should 
in  working  be  squeezed  out,  leading  to  cavity  formation  and  consequent 
porosity. 

Experimental 

To  test  this  explanation  of  porosity  two  samples  of  solder  No.  1 
were  quenched  from  210°  C.  and  two  of  solder  No.  2  from  200°  C, 
at  which  temperatures  these  solders  exhibit  practically  the  same 
plasticity.  Though  the  data  are  too  meagre  to  allow  generalizations 
to  be  made,  the  results  in  both  sets  of  samples  were  well  in  line  with 
the  theory.  Microscopic  examination  showed  a  much  coarser  particle 
structure  in  solder  No.  1  than  in  solder  No.  2,  as  illustrated  by  Fig.  8. 
In  this  instance  at  least  the  solder  which  forms  porous  joints  tended 
to  form  solid  particles  at  wiping  temperatures  larger  than  those 
formed  in  the  solder  which  is  acceptable  from  the  standpoint  of 
porosity. 

Particle  Size  and  Porosity  as  Related  to  Wettability 

It  appears  that  this  test  may  have  a  significance  beyond  that  just 
attached  to  it,  and  since  it  may  conceivably  be  used  again  in  the 
study  of  solders,  it  is  perhaps  well  to  point  out  a  further  explanation 
based  on  the  theory  of  interfacial  tension. 

As  was  stated  earlier  in  this  paper,  one  demand  upon  a  wiping  solder 
is  that  it  shall  wet  the  cable  covering  readily.  This  is  necessary  if 
porosity  is  to  be  avoided,  since  areas  of  imperfect  wetting  will  form 
tracks  between  the  solder  and  the  lead  allowing  passage  of  air  or  liquid 
along  the  interface.  Further,  the  liquid  phase  of  the  solder  must  wet 
the  solid  phase  of  the  solder;  otherwise  passages  will  exist  in  the  body 
of  the  joint.  There  is  some  question  as  to  whether  porosity  in  a 
joint  is  more  commonly  due  to  lack  of  adherence  between  the  sheath 
and  the  solder  or  whether  complete  air  passages  may  exist  throughout 
the  solder  itself.  At  any  rate,  there  is  no  assurance  that  either  type 
of  failure  does  not  exist.  These  two  types  of  porosity  are,  however, 
very  similar  phenomena  from  the  standpoint  of  wettability,  since  both 
the  cable  sheath  and  the  solid  particles  of  the  solder  are  composed 
chiefly  of  lead.  If  the  liquid  phase  of  the  solder  will  wet  the  sheath, 
it  will  also  wet  the  solid  particles  of  lead  within  the  solder,  and  neither 
type  of  failure  will  be  likely  to  occur.  The  problem  resolves  itself  into 
one  of  the  wettability  of  lead  by  the  liquid  phase  of  the  alloy.  There- 
fore, if  it  is  possible  to  determine,  at  equal  plasticities,  the  relative 
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Fig   8-The  porosity  of  wiping  solders  as  related  to  the  crystal  size  of  samples  air 
cooled  to  equivalent  consistencies  and  quenched. 
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adherence  of  liquid  to  solid  for  different  solders,  the  relative  likelihood 
of  porous  joints  occurring  should  be  thereby  indicated. 

Wettability  depends  upon  interfacial  tension.  As  pointed  out  by 
Osterhof  and  Bartell,^"  high  wetting  power  of  a  liquid  for  a  solid  means 
a  low  interfacial  tension  between  the  two,  which  in  turn  means  a  high 
adhesion  tension. 

Furthermore,  if  the  interfacial  tension  between  a  liquid  and  a 
dispersed  solid  is  high,  the  formation  of  large  grains,  crystals,  or 
flocculates  will  take  place,  thus  diminishing  the  amount  of  solid-liquid 
interface  and  the  total  free  energy  of  the  system.  This  has  been  used 
to  account  for  the  increased  solubility  of  small  particles  in  contact 
with  a  saturated  solution,  with  the  consequent  growth  of  large 
crystals  ^^'  ^^  and  in  paint  technology  to  explain  the  formation  of 
groups  of  particles  or  flocculates.^^-  ^^  If,  on  the  other  hand,  the 
interfacial  tension  is  low,  as  for  solders  of  high  wettability,  the  particles 
have  a  tendency  to  remain  small.  This  fact  has  been  used  to  account 
for  the  high  development  of  surface  in  colloidal  solutions. 

This  would  lead  to  the  conclusions  that  in  solder  No.  1,  where  large 
solid  particles  exist,  the  liquid  phase  wets  the  lead  dispersed  within  it 
and  hence  also  the  lead  of  the  cable  sheath  but  poorly,  while  in  solder 
No.  2,  exhibiting  finer  grain  formation,  the  wetting  power  of  the  liquid 
phase  for  lead  is  high.  These  considerations  alone  would  point  to  a 
conclusion  which  has  been  shown  to  be  the  case — that  solder  No.  1  is 
more  likely  to  form  porous  joints  than  solder  No.  2. 

Summary 

An  attempt  has  been  made  to  correlate  important  qualities  of  wiping 
solders  with  measurements  of  plasticity,  segregation,  and  particle  size. 

A  study  of  six  solders  has  shown  that  their  deformation  in  the  work- 
ing range  is  in  accord  with  the  theory  of  quasi-viscous  flow,  which 
assumes  the  shearing  stress  to  be  proportional  to  a  fractional  power 
of  the  velocity  gradient. 

It  appears  that  what  is  required  of  a  solder,  in  order  that  it  can  be 

properly  worked,  is  a  low  variation  in  plasticity  with  temperature. 

This  allows  the  solder  to  be  worked  for  a  comparatively  long  period 

while  it  is  losing  heat  to  the  atmosphere.     This  requirement  appears 

to  be  satisfied  for  solders  whose  resistance  to  deformation  differs  most 

markedly  in  character  from  that  of  a  viscous  liquid. 

i»  H.  J.  Osterhof  and  F.  E.  Bartell,  /.  Phys.  Chem.,  34,  7  (1930). 
'1  H.  Freundlich,  "Colloid  and  Capillary  Chemistry,"  E.  P.  Dutton  (1922). 
1- Willows  and  Hatschek,  "Surface  Tension  and  Surface  Energy,"  P.  Blakiston 
&  Son  (1919). 

'3  Bartell  and  Van  Loo,  Ind.  &f  Eng.  Chem.,  17,  1051  (1925). 
inVm.  Green,  Ind.  &  Eng.  Chem.,  15,  122  (1923). 
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Determinations  of  the  rate  of  compression  of  solders  at  wiping 
temperatures  between  parallel  plates  have  been  found  to  conform  to 
the  equation: 

dh 
dt 


=  W 


in  which  dJi/dt  is  the  rate  of  compression,  h  the  sample  height,  and  k 
and  b  are  constants,  the  latter  depending  only  on  the  character  of  the 
material.  For  viscous  materials  b  =  5.0;  the  larger  the  value  of  b, 
apparently,  the  more  does  the  flow  differ  from  that  of  a  viscous  liquid. 
Solders  having  large  values  of  b  (15-25)  have  low  temperature  gradients 
of  plasticity  and  good  workability,  in  agreement  with  the  conclusions 
noted  above. 

It  has  been  shown  that  the  plasticity  cannot  be  predicted  from  the 
solid-liquid  ratio. 

Evidence  is  presented  that  segregation  is  not  responsible  for  the 
porosity  of  wiped  joints,  and  that  this  defect  may  be  related  to  the 
particle  size  of  the  solid  phase  at  wiping  temperatures.  The  relation 
of  particle  size  to  cavity  formation  and  to  the  cohesion  and  wetting 
power  of  the  solder  is  discussed. 

Appendix 
As  stated  in  the  body  of  this  paper,  a  series  of  runs  were  made  on 
solder  No.  2  at  183°  C.  to  determine  how  closely  the  results  of  such 
tests  agree  with  the  theoretical  expression  for  quasi-viscous  flow  given 
as  Equation  (4)  above.  Only  five  test  runs  were  made,  the  minimum 
sufficient  to  indicate  the  existence  of  such  agreement.  The  sample 
volumes  and  loads  used  in  these  runs  are  listed  in  Table  IV.     For  each 

TABLE  IV 


Run 

No. 

V 
c.c. 

W 

kgs. 

b 

"b 

log  k 

5 

logfe' 

S' 

A  log  k' 

1 

5.45 
7.34 
11.01 
7.30 
7.33 

13.6 
13.6 
13.6 
20.8 
27.2 

16.10 
17.73 
15.68 
15.76 
15.51 

4.32 
3.99 
1.85 
1.43 
2.83 

-34.36 
-37.58 
-35.53 
-34.38 
-33.51 

0.0384 
0.0351 
0.0225 
0.0131 
0.0249 

-34.472 
-35.556 
-36.577 
-35.209 
-34.853 

0.0352 

0.0473 

0.0257 

0.01553 

0.0286 

0.073 

2 

0.122 

3    

0.067 

4    

0.098 

5      

0.078 

b  =  16.156 

a:  =  0.906 

a  =  1.656 

c  =  6.875 

log  iC  =  -  31.359 


run  there  was  prepared  a  plot  of  sample  height  (//)  vs.  time  (/),  and 
values  of  dh/dt  were  determined  from  the  slopes  of  tangents  drawn  as 
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shown  in  Fig.  1.     There  were  thus  obtained  for  each  run  a  set  of  six 
or  seven  pairs  of  values  of  log  dh/dt  vs.  log  h. 

The  first  question  to  be  determined  is  whether  for  any  run  these 
pairs  of  values  agree  with  a  relation  of  the  form  of  Equation  1,  which 
can  be  written: 

log  -^  =  log  k  +  b  log  //.  (5) 

As  sample  height  readings  appear  to  be  reproducible  in  such  tests 
to  within  about  one  per  cent,  the  standard  deviation  of  values  of  log  h 
about  their  correct  values  may  be  estimated  as  rather  less  than  0.004 
(log  1.01).  The  time  readings  being  more  accurate,  values  of  log  dh/dt 
should  vary  with  a  standard  deviation  of  like  magnitude.  If  the  data 
can  be  fitted  by  an  equation  of  the  form  of  Equation  5,  estimates  of 
k  and  b  can  be  obtained  by  minimizing  the  sum  of  the  squares  of  the 
deviations  of  the  experimental  points  from  the  straight  line,  these 
deviations  being  measured  along  normals  to  the  line.  As  for  these 
data  b  is  large,  these  normal  deviations  are  nearly  equal  to  their 
horizontal  components,  the  deviations  of  the  observed  from  the 
calculated  values  of  log  //,  and  hence  the  sum  of  the  squares  of  the 
latter  were  minimized.  Writing  Xi  for  values  of  log  //  and  Fj  for 
corresponding  values  of  log  dh/dt,  the  following  computations  were 
carried  out  for  each  run  (w  being  the  number  of  pairs  of  values  em- 
ployed in  each  case) : 

n  n 

E    Xi  Z     Yi 


Gx 


n  n 

n  _  n 

E  {Xi-xy  E 

i  =  \  ,      i  =  \{Yi-Y) 


n 


^  ^  na^ iQ^k  =  Y  -bX, 

n  

E    Xi  Yi  -  71  X  Y 
i  =  1 

n 

E   (Fv-log*  -bXiY 
s?  =  '~^ . 

n  —  1 

Values  of  b,  log  k,  and  S  thus  determined  are  included  in  Table  IV. 
The  quantity  S  is  an  estimate  of  the  standard  deviation  of  the  observed 
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from  the  calculated  values  of  log  dh/dt  evaluated  as  recommended 
by  Fisher, 1^  page  118.  To  determine  in  each  case  whether  these 
deviations  are  significant,  they  may  be  compared  with  those  that 
might  be  expected  on  the  basis  of  the  estimated  precision  of  measure- 
ment. As  the  value  of  b  is  approximately  16  in  each  case,  an  error  of 
0.004  in  log  h  corresponds  to  an  error  of  0.064  in  log  dh/dt.  The 
values  of  5  computed  are  all  smaller  than  this  amount,  indicating  that 
the  differences  between  observed  values  of  log  dh/dt  and  those  cal- 
culated from  Equation  1  are  due  to  experimental  variations. 

The  next  question  to  be  determined  is  whether  the  differences 
observed  in  the  values  of  b  given  by  the  different  runs  are  significant. 
In  Table  IV  is  included  the  mean  value  b  of  the  values  of  b,  together 
with  the  estimated  standard  deviation  of  the  individual  values  of  b 
from  their  true  mean,  taken  as  given  by: 


n  —  \ 

This  estimate  of  the  standard  deviation  of  the  actual  values  of  b  may 
be  compared  with  estimates  of  the  standard  deviation  of  b  made  for 
each  run  on  the  basis  of  the  variability  of  the  data.  An  expression 
for  such  an  estimate  is  given  by  Fisher  (loc.  cit.)  as: 

2       '^^ 

Values  of  ah  as  given  by  this  last  expression  are  included  in  Table 
IV.  These  are  larger  than  the  value  (0.906)  of  o-j',  computed  as 
described,  and  it  is  therefore  evident  that  the  data  are  consistent  with 
the  hypothesis  that  b  is  constant  throughout  the  series  of  runs. 

To  obtain  fairer  estimates  of  log  k  for  the  subsequent  computation, 
the  mean  value  of  b,  b,  was  taken  as  giving  the  slope  of  the  straight 
line  of  Equation  5.     On  this  basis  the  values  of  log  k  are  given  by: 

log  k'  =  Y  -  bX. 

While  the  values  of  5  are  given  by: 

i:{Y,-\ogk'  -bXiY 

/2  i=l 


S"  = 


n  —  \ 


Values  of  log  k'  and  S'  are  given  in  Table  IV.     The  next  step  in  the 
computation  is  to  determine  if  the  values  of  log  k  thus  determined 
1*  R.  A.  Fisher,  "Statistical  Methods  for  Research  Workers,"  London  (1925). 
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vary  significantly  from  those  given  by  Equation  2  above,  or  by: 

log  ^'  =  log  i^  +  a  log  IF  -  c  log  V.  (6) 

For  this  purpose  there  were  determined  values  of  log  K,  a  and  c  for 
which  the  sum  of  the  squares  of  the  differences  of  observed  and 
calculated  values  of  log  k'  are  a  minimum,  the  components  of  devia- 
tion due  to  variations  in  values  of  log  W  and  log  V  being  neglected,  as 
these  are  known  to  a  higher  order  of  accuracy  than  are  values  of  log  k'. 
Following  the  usual  procedure  for  calculating  partial  regression  coeffi- 
cients, the  following  computations  were  performed,  writing  Zi,  F,-,  and 
Xi  for  corresponding  values  of  log  k',  log  IV  and  log  V: 

"  n  n 

T.Z,  EF,  Y.X, 

Z  =  '-^^—  ,  Y  =  '^^— ,  X  =  '■^^—  , 


E  (Zi  -  zy  E  ( Yi  -Yf  E  {Xi  -  xy 

^=1 9                1=1  ,               <  =  1 

»  0"} •"    —     .  (Tx      =    

n  n  n 


1=1 


Y.xy  =  E  XiYi  -  nXY,       Zyz  =  E  YiZ,  -  vYZ, 

'  '  t=i 

Ezx  =  E  ZiXi  -  nZX, 


i=i 


logX  =  Z  -  aF-f  cX. 

The  values  of  a,  c,  and  log  K  thus  obtained  are  included  in  Table 
IV,  together  with  values  headed  A  log  k',  which  are  the  differences 
between  the  values  of  log  k'  listed  in  Table  IV  and  those  calculated 
from  Equation  6,  using  the  listed  values  a,  c,  and  log  K.  To  deter- 
mine whether  these  differences  are  significant  or  not,  the  probability 
of  obtaining  a  value  in  error  to  that  extent  may  be  calculated  for  each 
run  from  the  value  {S')  of  the  standard  deviation  of  log  k'  estimated 
by  the  method  given  by  Fisher  (loc.  cit.).  These  probabilities  are 
evaluated  from  Table  IV  of  the  text  cited,  taking  n  as  n'  -  3,  w^here 
n'  is  the  number  of  pairs  of  values  of  log  dh/dt  and  log  //  used  to 
evaluate  log  k',  and  taking  /  as: 

_  A  log  k'^|n' 
t  J, 

The  values  of  t  thus  computed  range  from  5.4  to  16.7  and  correspond 
in  every  case  to  a  probability  less  than  0.01,  so  that  not  one  of  the 
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actual  values  of  log  k'  should  be  experimentally  in  error  to  an  extent 
sufficient  to  account  for  its  deviation  from  the  value  given  by  Equation 
6.  Hence  Equation  2,  is  at  best  only  an  approximation  to  a  correct 
expression  for  dh/dt. 

Of  course,  Equation  2  is  actually  quite  a  fair  approximation  to  an 
expression  for  dh/dt,  as  is  evident  in  comparing  the  differences  A  log  k' 
with  the  differences  among  the  values  of  log  k'  themselves.  In  fact, 
if  values  of  log  k'  are  plotted  against  log  W  for  a  constant  value  of 
V,  or  against  log  V  for  a  constant  value  of  W,  quite  good  straight 
lines  are  obtained,  and  the  inaccuracy  of  the  approximation  can 
only  be  brought  out  by  an  analysis  such  as  is  here  given.  Whether 
this  inaccuracy  is  due  to  the  approximations  employed  in  the  theo- 
retical development  of  Equation  4,  or  to  an  error  in  the  basic  assump- 
tion that  T  ^  \_dv/dx'J-'",  cannot,  of  course,  be  determined.  It  is, 
however,  of  interest  to  see  if  the  values  of  a  and  c  are  related  to  that 
of  h  in  the  manner  required  by  Equation  4.  For  b  =  16.156  (the 
value  of  b  observed).  Equation  4  requires  that  a  =  5.462  and 
c  =  8.693.  The  observed  values  of  a  and  c  are  1.656  and  6.875 
respectively.  It  remains  to  determine  if  these  differences  may  be 
accidental,  provided  the  values  of  log  k'  differ  from  those  given  by 
Equation  6  as  greatly  as  observed.  Following  Fisher  (page  133), 
the  probability  of  a  divergence  between  observed  and  calculated  values 
ofcofc]  —  C2  is  given  by  entering  Table  IV  of  the  text  with  w  =  n'  —  3, 
where  n'  is  the  number  of  cases  (5),  and  with  /  given  by: 

IZ  -  {Z  +  aY  -  cX)J  nay" 

n  —  3  ?i^ax^(Xy^  —  i^xyy 

This  corresponds  to  a  probability  between  0.05  and  0.10,  which 
indicates  that  the  divergence  may  be  due  to  chance,  though  it  is  more 
likely  to  represent  a  real  difference.  Similarly  the  probability  of 
obtaining  the  observed  difference  ai  —  Oo  is  given  from  the  table  by 
entering  with  n  =  2  and  with  /  given  by: 

t  =  _    ^^I"^  =  5.85. 

IZ  -  (Z -\- aY  -  cX)J  naj" 

n  —  3  ti^aj^ay^  —  {YlxyY 

This  corresponds  to  a  probability  between  0.02  and  0.05,  which 
suggests  more  strongly  than  does  the  other  case  that  the  divergence  is 
real.  For  so  few  observations,  however,  the  distribution  theory  on 
which  Fisher's  method  is  based  cannot  give  a  definite  indication  when 
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the  probabilities  lie  so  close  to  the  arbitrary  dividing  Hne  (0.05j 
between  Hkely  and  unlikely  results.  The  analysis  therefore  leaves 
open  the  question  as  to  whether  the  theoretical  relation  given  by 
Equation  4  between  a,  b  and  c  is  valid  within  the  limits  of  variability 
imposed  by  the  approximate  nature  of  any  relation  of  the  form  of 
Equation  2.  That  any  equation  of  this  form  is  only  approximately  in 
agreement  with  these  data  is  conclusively  shown  by  the  above  analysis. 


Regeneration  Theory 

By  H.  NYQUIST 

Regeneration  or  feed-back  is  of  considerable  importance  in  many  appli- 
cations of  vacuum  tubes.  The  most  obvious  example  is  that  of  vacuum  tube 
oscillators,  where  the  feed-back  is  carried  beyond  the  singing  point.  Another 
application  is  the  21-circuit  test  of  balance,  in  which  the  current  due  to  the 
unbalance  between  two  impedances  is  fed  back,  the  gain  being  increased 
until  singing  occurs.  Still  other  applications  are  cases  where  portions  of 
the  output  current  of  amplifiers  are  fed  back  to  the  input  either  unin- 
tentionally or  by  design.  For  the  purpose  of  investigating  the  stability  of 
such  devices  they  may  be  looked  on  as  amplifiers  whose  output  is  connected 
to  the  input  through  a  transducer.  This  paper  deals  with  the  theory  of 
stability  of  such  systems. 

Preliminary  Discussion 

WHEN  theoutput  of  an  amplifier  is  connected  to  the  input  through 
a  transducer  the  resulting  combination  may  be  either  stable  or 
unstable.  The  circuit  will  be  said  to  be  stable  when  an  impressed  small 
disturbance,  which  itself  dies  out,  results  in  a  response  which  dies  out. 
It  will  be  said  to  be  unstable  when  such  a  disturbance  results  in  a 
response  which  goes  on  indefinitely,  either  staying  at  a  relatively  small 
value  or  increasing  until  it  is  limited  by  the  non-linearity  of  the 
amplifier.  When  thus  limited,  the  disturbance  does  not  grow  further. 
The  net  gain  of  the  round  trip  circuit  is  then  zero.  Otherwise  stated, 
the  more  the  response  increases  the  more  does  the  non-linearity  decrease 
the  gain  until  at  the  point  of  operation  the  gain  of  the  amplifier  is  just 
equal  to  the  loss  in  the  feed-back  admittance.  An  oscillator  under 
these  conditions  would  ordinarily  be  called  stable  but  it  will  simplify 
the  present  paper  to  use  the  definitions  above  and  call  it  unstable. 
Now,  this  fact  as  to  equality  of  gain  and  loss  appears  to  be  an  accident 
connected  with  the  non-linearity  of  the  circuit  and  far  from  throwing 
light  on  the  conditions  for  stability  actually  diverts  attention  from  the 
essential  facts.  In  the  present  discussion  this  difficulty  will  be  avoided 
by  the  use  of  a  strictly  linear  amplifier,  which  implies  an  amplifier  of 
unlimited  power  carrying  capacity.  The  attention  will  then  be 
centered  on  whether  an  initial  impulse  dies  out  or  results  in  a  runaway 
condition.  If  a  runaway  condition  takes  place  in  such  an  amplifier,  it 
follows  that  a  non-linear  amplifier  having  the  same  gain  for  small 
current  and  decreasing  gain  with  increasing  current  will  be  unstable  as 
well. 

126 
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Steady-State  Tiii'ORiits  and  Experience 

First,  a  discussion  will  be  made  of  certain  steady-state  theories;  and 
reasons  why  they  are  unsatisfactory  will  be  pointed  out.  The  most 
obvious  method  may  be  referred  to  as  the  series  treatment.  Let  the 
complex  quantity  ^/(7co)  represent  the  ratio  by  which  the  amplifier  and 
feed-back  circuit  modify  the  current  in  one  round  trip,  that  is,  let 
the  magnitude  oi  AJ  represent  the  ratio  numerically  and  let  the  angle 
of  ^/  represent  the  phase  shift.  It  will  be  convenient  to  refer  to  A  J 
as  an  admittance,  although  it  does  not  have  the  dimensions  of  the 
quantity  usually  so  called.     Let  the  current 

/o  =  cos  co/  =  real  part  of  g*"'  (a) 

be  impressed  on  the  circuit.     The  first  round  trip  is  then  represented  by 

1 1  =  real  part  of  AJe^'^^  (b) 

and  the  nth  by 

Im  =  real  part  of  yl"/"e*"'.  (c) 

The  total  current  of  the  original  impressed  current  and  the  first  n 
round  trips  is 

In  =  real  part  of  (1  -\-  AJ  +  AU-  +  •  •  •  ^"/")g*"'.  (d) 

If  the  expression  in  parentheses  converges  as  n  increases  indefinitely, 
the  conclusion  is  that  the  total  current  equals  the  limit  of  (d)  as  n 
increases  indefinitely.     Now 

1     —     A  n+l  rn+l 

If  \AJ\<  1  this  converges  to  1/(1  -  AJ)  which  leads  to  an  answer 
which  accords  with  experiment.  When  \AJ\  >  1  an  examination  of 
the  numerator  in  (e)  shows  that  the  expression  does  not  converge  but 
can  be  made  as  great  as  desired  by  taking  n  sufificiently  large.  The 
most  obvious  conclusion  is  that  when  \AJ\  >  1  for  some  frequency 
there  is  a  runaway  condition.  This  disagrees  with  experiment,  for 
instance,  in  the  case  where  ^/  is  a  negative  quantity  numerically 
greater  than  one.  The  next  suggestion  is  to  assume  that  somehow  the 
expression  1/(1  -  AJ)  may  be  used  instead  of  the  limit  of  (e).  This, 
however,  in  addition  to  being  arbitrary,  disagrees  with  experimental 
results  in  the  case  where  ^/  is  positive  and  greater  than  1,  where  the 
expression  1/(1  -  AJ)  leads  to  a  finite  current  but  where  experiment 
indicates  an  unstable  condition. 
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The  fundamental  difficulty  with  this  method  can  be  made  apparent 
by  considering  the  nature  of  the  current  expressed  by  {a)  above. 
Does  the  expression  cos  co/  indicate  a  current  which  has  been  going  on 
for  all  time  or  was  the  current  zero  up  to  a  certain  time  and  cos  wt 
thereafter?  In  the  former  case  we  introduce  infinities  into  our 
expressions  and  make  the  equations  invalid;  in  the  latter  case  there  will 
be  transients  or  building-up  processes  whose  importance  may  increase 
as  n  increases  but  which  are  tacitly  neglected  in  equations  (h)  —  {e). 
Briefly  then,  the  difficulty  with  this  method  is  that  it  neglects  the 
building-up  processes. 

Another  method  is  as  follows:  Let  the  voltage  (or  current)  at  any 
point  be  made  up  of  two  components 

V  =  Fi  +  V,,  (/) 

where  Fis  the  total  voltage,  Vi  is  the  part  due  directly  to  the  impressed 
voltage,  that  is  to  say,  without  the  feed-back,  and  F2  is  the  component 
due  to  feed-back  alone.     We  have 

F2  =  AJV.  {g) 

Eliminating  F2  between  (/)  and  (g) 

F=  Fi/(1  -  AJ).  Qi) 

This  result  agrees  with  experiment  when  |^/[<  1  but  does  not 
generally  agree  when  ^/  is  positive  and  greater  than  unity.  The 
difificulty  with  this  method  is  that  it  does  not  investigate  whether  or 
not  a  steady  state  exists.  It  simply  assumes  tacitly  that  a  steady 
state  exists  and  if  so  it  gives  the  correct  value.  When  a  steady  state 
does  not  exist  this  method  yields  no  information,  nor  does  it  give  any 
information  as  to  whether  or  not  a  steady  state  exists,  which  is  the 
important  point. 

The  experimental  facts  do  not  appear  to  have  been  formulated 
precisely  but  appear  to  be  well  known  to  those  working  with  these 
circuits.  They  may  be  stated  loosely  as  follows:  There  is  an  unstable 
condition  whenever  there  is  at  least  one  frequency  for  which  AJ  \s 
positive  and  greater  than  unity.  On  the  other  hand,  when  ^1/  is 
negative  it  may  be  very  much  greater  than  unity  and  the  condition  is 
nevertheless  stable.  There  are  instances  of  \AJ\  being  about  100 
without  the  conditions  being  unstable.  This,  as  will  appear,  accords 
closely  with  the  rule  deduced  below. 
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Notation  and  Restrictions 
The  following  notation  will  be  used  in  connection  with  integrals: 


^{z)dz  =    lim  <>^{z)dz, 


(1) 


the  path  of  integration  being  along  the  imaginary  axis  (see  equation  9), 

i.e.,  the  straight  line  joining  —  iM  and  +  ■iM; 


f  0(z)dz  =    lim     f  p{z)dz, 


(2) 


the  path  of  integration  being  along  a  semicircle  ^  having  the  origin  for 
center  and  passing  through  the  points  —  iM,  M,  iM; 


I   ^{z)dz  =    lim     I         0(z)dz, 

Jc  -V-*  ^  J-iM 


(3) 


the  path  of  integration  being  first  along  the  semicircle  referred  to  and 
then  along  a  straight  line  from  iM  to  —  i^[.     Referring  to  Fig.  1  it 

y 


-iMU— ^  Z-PLANE 

Fig.  1 — Paths  of  integration  in  the  c-plane. 


will  be  seen  that 


/-/■  =  / 


(4) 


The  total  feed-back  circuit  is  made  up  of  an  amplifier  in  tandem 
with  a  network.  The  amplifier  is  characterized  by  the  amplifying 
ratio  A  which  is  independent  of  frequency.  The  network  is  character- 
ized by  the  ratio  /(/co)  which  is  a  function  of  frequency  but  does  not 
depend  on  the  gain.  The  total  effect  of  the  amplifier  and  the  network 
is  to  multiply  the  wave  by  the  ratio  AJ(io}).  An  alternative  w^ay  of 
characterizing  the  amplifier  and  network  is  to  say  that  the  amplifier  is 

1  For  physical  interpretation  of  paths  of  integration  for  which  x  >  0  reference 
IS  made  to  a  paper  by  J.  R.  Carson,  "  Notes  on  the  Heaviside  Operational  Calculus," 
B.  S.  T.  J.,  Jan.  1930.  For  purposes  of  the  present  discussion  the  semicircle  is 
preferable  to  the  path  there  discussed. 
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characterized  by  the  amplifying  factor  A  which  is  independent  of 
time,  and  the  network  by  the  real  function  G{t)  which  is  the  response 
caused  by  a  unit  impulse  applied  at  time  /  =  0.  The  combined  effect 
of  the  amplifier  and  network  is  to  convert  a  unit  impulse  to  the 
function  AG{t).     Both  these  characterizations  will  be  used. 

The  restrictions  which  are  imposed  on  the  functions  in  order  that 
the  subsequent  reasoning  may  be  valid  will  now  be  stated.  There  is  no 
restriction  on  A  other  than  that  it  should  be  real  and  independent  of 
time  and  frequency.  In  stating  the  restrictions  on  the  network  it  is 
convenient  to  begin  with  the  expression  G.     They  are 


G{t)  has  bounded  variation,  -co   <  /  <  oo. 

(AI) 

G{t)  =  0,                                    -  ^   <  /  <  0. 

(All) 

1      1  G{t)  1  (it  exists. 

(AIII) 

It  may  be  shown  ^  that  under  these  conditions  G{t)  may  be  expressed 
by  the  equation 


where 


G{t)  =^.    f  J(io:)e"^'d(io:),  (5) 

JM  =    r    G{t)e-''''dt.  (6) 

ty  —  Qo 


These  expressions  may  be  taken  to  define  /.  The  function  may, 
however,  be  obtained  directly  from  computations  or  measurements;  in 
the  latter  case  the  function  is  not  defined  for  negative  values  of  co.  It 
must  be  defined  as  follows  to  be  consistent  with  the  definition  in  (6) : 

/(—  iw)  =  complex  conjugate  of  J{iw).  (7) 

While  the  final  results  will  be  expressed  in  terms  of  AJi^iix))  it  will  be 
convenient  for  the  purpose  of  the  intervening  mathematics  to  define  an 
auxiliary  and  closely  related  function 

uiz)  =  -^  r^i:^Mrf(ico),         0  <x  <  ^,  (8) 

2irtjj   ico  —  Z 

where 

z  =  x  +  iy  (9) 

and  where  x  and  y  are  real.     Further,  we  shall  define 

2v(iv)  =  lim  w{z).  (10) 

z— »-0 
^  See  Appendix  II  for  fuller  discussion. 
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The  function  will  not  be  defined  for  .-v:  <  0  nor  for  |2|=  co.  As 
defined  it  is  analytic  ^  for  0  <  .r  <  co  and  at  least  continuous  for 
X  =  0. 

The  following  restrictions  on  the  network  may  be  deduced: 

lim  ^[/(-/v)  I  exists.  (BI) 

J{iy)  is  continuous.  (BII) 

w{iy)  =  AJ(iy).  (Bill) 

Equation  (5)  may  now  be  written 

AG(0  =  -^.   fw(z)e^Ulz  =  x^.   r  w(z)e^^dz.  (11) 

From  a  physical  standpoint  these  restrictions  are  not  of  consequence. 
Any  network  made  up  of  positive  resistances,  conductances,  in- 
ductances, and  capacitances  meets  them.  Restriction  (All)  says  that 
the  response  must  not  precede  the  cause  and  is  obviously  fulfilled 
physically.  Restriction  (All I)  is  fulfilled  if  the  response  dies  out  at 
least  exponentially,  which  is  also  assured.  Restriction  (AI)  says  that 
the  transmission  must  fall  off  with  frequency.  Physically  there  are 
always  enough  distributed  constants  present  to  insure  this.  This 
effect  will  be  illustrated  in  example  8  below.  Every  physical  network 
falls  off  in  transmission  sooner  or  later  and  it  is  ample  for  our  purposes 
if  it  begins  to  fall  off,  say,  at  optical  frequencies.  We  may  say  then 
that  the  reasoning  applies  to  all  linear  networks  which  occur  in 
nature.  It  also  applies  to  other  linear  networks  which  are  not  physi- 
cally producible  but  which  may  be  specified  mathematically.  See 
example  7  below. 

A  temporary  wave  fo(t)  is  to  be  introduced  into  the  system  and  an 
investigation  will  be  made  of  whether  the  resultant  disturbance  in  the 
system  dies  out.     It  has  associated  with  it  a  function  F{z)  defined  by 

/o(/)  =  ^.  f  F{z)e^'dz  =  x^.   r  Fiz)e^^dz.  (12) 

7^(2)  and  /o(/)  are  to  be  made  subject  to  the  same  restrictions  as  iv(z) 
and  G{t)  respectively. 

Derivation  of  a  Series  for  the  Total  Current 

Let  the  amplifier  be  linear  and  of  infinite  power-carrying  capacity. 
Let  the  output  be  connected  to  the  input  in  such  a  way  that  the 

*  W.  F.  Osgood,  "Lehrbuch  der  Funktionentheorie,"  5th  ed.,  Kap.  7,  §  1,  Maupt- 
satz.     For  definition  of  "analytic"  see  Kap.  6,  §  5. 
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amplification  ratio  for  one  round  trip  is  equal  to  the  complex  quantity 
A  J,  where  ^  is  a  function  of  the  gain  only  and  J  is  a  function  of  co 
only,  being  defined  for  all  values  of  frequency  from  0  to  co . 

Let  the  disturbing  wave  /o(0  be  applied  anywhere  in  the  circuit. 
We  have 

/o(/)  =  7^  f  "  F(ic^)e'-'do:  (13) 


or 


/o(/)  =^.{  Fiz)e''dz.  (13') 

^T^-^  Js+ 

The  wave  traverses  the  circuit  and  on  completing  the  first  trip  it 
becomes 

/i(/^  =  T-   r"^c<ta;)F(ico)e*'-Wco  (14) 

=  7^  f  iv{z)F{z)e''dz.  (14') 

After  traversing  the  circuit  a  second  time  it  becomes 

f.{t)  =  7f^.   r  Fiv^e^'dz,  (15) 

and  after  traversing  the  circuit  n  times 

In{t)  =  ^-   r  Fiv^e^^dz.  (16) 

Adding  the  voltage  of  the  original  impulse  and  the  first  n  round  trips 
we  have  a  total  of 

Sn{t)  =  ZMt)  ^^.  f  F{l+w+  "■  w^)e^'dz.  (17) 

The  total  voltage  at  the  point  in  question  at  the  time  t  is  given  by 
the  limiting  value  which  (17)  approaches  as  n  is  increased  indefinitely  ^ 

s{t)  =  Y.Mi)  =   Hm  ^.  f  Sn{z)e''dz,  (18) 

i!:=0  n^-x  -^TT'  J g+ 

where 

S^  =  F  +  Fiv  +  Fw""  +  ■  ■  ■  Fiv"  =  ^ ■  (19) 

1  —  ty 

*  Mr.  Carson  has  called  my  attention  to  the  fact  that  this  series  can  also  be 
derived  from  Theorem  IX,  p.  49,  of  his  Electric  Circuit  Theory.  Whereas  the 
present  derivation  is  analogous  to  the  theory  expressed  in  equations  (a)-(f)  above, 
the  alternative  derivation  would  be  analogous  to  that  in  equations  (/)-(//)• 
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CONVERGEXCE    OF   SERIES 

We  shall  next  prove  that  the  limit  s{t)  exists  for  all  finite  values  of  /. 
It  mav  be  stated  as  of  incidental  interest  that  the  limit 


S^{z)e^''dz  (20) 

does  not  necessarily  exist  although  the  limit  s{t)  does.  Choose  Mq  and 
N  such  that 

|/o(X)|<iVo.           0<X</.  (21) 

\G{t-\)\^N.     0<X</.  (22) 


We  ma>'  write  * 


Similarly 


/:(/)=    I     G{t  -  \)f,{\)d\.  (23) 

I/i(/)  I  <    r  .1/o.VJX  =  IfoA^.  (24) 

Mt)=    r  G(t  -  \)f,{\)d\.  (25) 

t/  — 00 

1/2(0 1 ^  r  Af^rndt  =  Momyii  (26) 

!/„(0|<MoiV«/"/w!  (27) 

|5„(/)  I  <  Moil  +  Nt+  '--  NH-ln^).  (28) 


It  is  shown  in  almost  any  text  ^  dealing  with  the  convergence  of 
series  that  the  series  in  parentheses  converges  to  e^"''  as  n  increases 
indefinitely.  Consequently,  Sn{t)  converges  absolutely  as  n  increases 
indefinitely. 

Relation  Between  s{t)  and  w 

Next  consider  what  happens  to  s{t)  as  /  increases.  As  /  increases 
indefinitely  s{t)  may  converge  to  zero,  indicating  a  condition  of 
stability,  or  it  may  go  beyond  any  value  however  large,  indicating  a 
runaway  condition.  The  question  which  presents  itself  is:  Referring  to 
(18)  and  {19),  what  properties  of  w(z)  and  further  ivhat  properties  of 
AJ(ibi)  determine  whether  s{t)  converges  to  zero  or  diverges  as  t  increases 

^G.  A.  Campbell,  "Fourier  Integral,"  B.  S.  T.  J.,  Oct.  1928,  Pair  202. 
^  E.g.,  Whittaker  and  Watson,  "Modern  Analysis,"  2d  ed.,  p.  531. 
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indefinitely?     From  (18)  and  (19) 

sit)  =    lim  ■;^.  f  f(  t-^,  -  7^)  e^'dz.  (29) 

We  may  write 

s{t)  =  :r^.  f  [F/(l  -  w)>^'(/5  -   lim  ^.  f  [Fw"+'/(l-w)>^'(/z    (30) 

provided  these  functions  exist.     Let  them  be  called  go(^)  and   lim   g„(/) 

n — »-oo 

respectively.     Then 

qn{t)  =    r  qo{t-\)0i\)d\.  (31) 

^  —  00 

where 

d(X)  =^.  f  w^+h'^dz.  (32) 

I  TTl  J,+ 

By  the  methods  used  under  the  discussion  of  convergence  above  it  can 
then  be  shown  that  this  expression  exists  and  approaches  zero  as  w 
increases  indefinitely  provided  qo(t)  exists  and  is  equal  to  zero  for  ^  <  0. 
Equation  (29)  may  therefore  be  written,  subject  to  these  conditions 

sit)  =  :^   r  LF/il  -  ■w)-]e^'dz.  (33) 

In  the  first  place  the  integral  is  zero  for  negative  values  of  /  because 
the  integrand  approaches  zero  faster  than  the  path  of  integration 
increases.     Moreover, 


X 


[F/(l  -  w)~\e''dz  (34) 

exists  for  all  values  of  /  and  approaches  zero  for  large  values  of  t  if 
\  —  w  does  not  equal  zero  on  the  imaginary  axis.  Moreover,  the 
integral 

[7^/(1  -  w)']e''dz  (35) 


X 


exists  because 


1.  Since  Fand  iv  are  both  analytic  within  the  cur\e  the  integrand  does 

not  have  any  essential  singularity  there, 

2.  The  poles,  if  any,  lie  within  a  finite  distance  of  the  origin  because 

w  -^  0  as  1  s  I  increases,  and 

3.  These  two  statements  insure  that  the  total   number  of  poles  is 

finite. 
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We  shall  next  evaluate  the  integral  for  a  very  large  value  of  /.  It 
will  suffice  to  take  the  C  integral  since  the  /  integral  approaches  zero. 
Assume  originally  that  1  —  iv  does  not  have  a  root  on  the  imaginary 
axis  and  that  F{z)  has  the  special  value  w'{z).  The  integral  may  be 
written 


2wX 


Iw'ia  -  iu)2e''dz. 


Changing  variables  it  becomes 


2^.//'/(' 


ii!)2e''dw, 


(36) 


(37) 


where  c  is  a  function  of  iv  and  D  is  the  curve  in  the  w  plane  which 
corresponds  to  the  curve  C  in  the  z  plane.  More  specifically  the 
imaginary  axis  becomes  the  locus  x  =  0  and  the  semicircle  becomes  a 
small  curve  which  spirals  around  the  origin.     See  Fig.  2.     The  function 


x=o 


W -PLANE 


Fig.  2 — Representative  paths  of  integration  in  the  ic-plane  corresponding  to  paths 

in  Fig.  1. 

2  and,  therefore,  the  integrand  is,  in  general,  multivalued  and  the 
curve  of  integration  must  be  considered  as  carried  out  over  the 
appropriate  Riemann  surface.'^ 

Now  let  the  path  of  integration  shrink,  taking  care  that  it  does  not 
shrink  across  the  pole  at  if  =  1  and  initially  that  it  does  not  shrink 
across  such  branch  points  as  interfere  with  its  passage,  if  any.  This 
shrinking  does  not  alter  the  integral  ^  because  the  integrand  is  analytic 
at  all  other  points.  At  branch  points  which  interfere  with  the  passage 
of  the  path  the  branches  stopped  may  be  severed,  transposed  and 
connected  in  such  a  way  that  the  shrinking  may  be  continued  past  the 
branch  point.  This  can  be  done  without  altering  the  value  of  the 
integral.  Thus  the  curve  can  be  shrunk  until  it  becomes  one  or  more 
very  small  circles  surrounding  the  pole.     The  value  of  the  total  integral 

'  Osgood,  loc.  cit.,  Kap.  8. 

*  Osgood,  loc.  cit.,  Kap.  7,  §  3,  Satz  1. 
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(for  very  large  values  of  /)  is  by  the  method  of  residues  ^ 

E  rje'i\  (38) 

}=\ 

where  zy  (7  =  1,  2  •  •  •  n)  is  a  root  of  1  —  u'  =  0  and  .'';  is  its  order. 
The  real  part  of  Zj  is  positive  because  the  curve  in  Fi-^;.  1  encloses 
points  with  x  >  0  only.  The  system  is  therefore  stable  or  unstable 
according  to  whether 

n 

j=i 

is  equal  to  zero  or  not.  But  the  latter  expression  is  seen  from  the 
procedure  just  gone  through  to  equal  the  number  of  times  that  the 
locus  X  =  0  encircles  the  point  tu  =  1. 

If  7^  does  not  equal  w'  the  calculation  is  somewhat  longer  but  not 
essentially  different.     The  integral  then  equals 

E^.^/'  (39) 

if  all  the  roots  of  1  —  %v  =  ^  are  distinct.  If  the  roots  are  not  distinct 
the  expression  becomes 

E  E^/./^-^e^'',  (40) 

where  Ajr^,  at  least,  is  finite  and  different  from  zero  for  general  values 
of  F.  It  appears  then  that  unless  F  is  specially  chosen  the  result  is 
essentially  the  same  as  for  F  =  w' .  The  circuit  is  stable  if  the  point 
lies  wholly  outside  the  locus  x  =  0.  It  is  unstable  if  the  point  is  within 
the  curve.  It  can  also  be  shown  that  if  the  point  is  on  the  curve 
conditions    are    unstable.     We    may    now    enunciate    the    following 

Rule:  Plot  plus  and  mimts  the  imaginary  part  of  AJiio:)  against  the 
real  part  for  all  frequencies  from  0  to  'X) .  If  the  point  1  +  iO  lies  com- 
pletely outside  this  curve  the  system  is  stable;  if  not  it  is  unstable. 

In  case  of  doubt  as  to  whether  a  point  is  inside  or  outside  the  curve 
the  following  criterion  may  be  used:  Draw  a  line  from  the  point 
{u  —  1,  z;  =  0)  to  the  point  s  =  —  i^o.  Keep  one  end  of  the  line 
fixed  at  {n  =  \,  v  =  0)  and  let  the  other  end  describe  the  curve  from 
2  =  —  «co  to  s  =  i^o ,  these  two  points  being  the  same  in  the  n'  plane. 
If  the  net  angle  through  which  the  line  turns  is  zero  the  point  {u  =  1, 
D  =  0)  is  on  the  outside,  otherwise  it  is  on  the  inside. 

If  A  J  be  written    |^/|(cos  d  -\-  i  sin  d)  and  if  the  angle  always 

'Osgood,  loc.  cit.,  Kap.  7,  §  11,  Satz  1. 
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changes  in  the  same  direction  with  increasing  w,  where  w  is  real,  the 
rule  can  be  stated  as  follows:  The  system  is  stable  or  unstable  according 
to  whether  or  not  a  real  frequency  exists  for  which  the  feed-back  ratio  is 
real  and  equal  to  or  greater  than  unity. 

In  case  ddjdw  changes  sign  we  may  have  the  case  illustrated  in  Figs.  3 
and  4.     In  these  cases  there  are  frequencies  for  which  w  is  real  and 


W-PLANE 


Fig.  3 — Illustrating  case  where  amplifying  ratio  is  real  and  greater  than  unity 
for  two  frequencies,  but  where  nevertheless  the  path  of  integration  does  not  include 
the  point  1,  0. 

greater  than  1.  On  the  other  hand,  the  point  (1,  0)  is  outside  of  the 
locus  X  =  0  and,  therefore,  according  to  the  rule  there  is  a  stable 
condition. 


W- PLANE 


Fig.  4 — Illustrating  case  where  amplifying  ratio  is  real  and  greater  than  unity 
for  two  frequencies,  but  where  nevertheless  the  path  of  integration  does  not  include 
the  point  1,  0. 

If  networks  of  this  type  were  used  we  should  have  the  following 
interesting  sequence  of  events:  For  low  values  of  A  the  system  is  in  a 
stable  condition.  Then  as  the  gain  is  increased  gradually,  the  system 
becomes  unstable.  Then  as  the  gain  is  increased  gradually  still 
further,  the  system  again  becomes  stable.  As  the  gain  is  still  further 
increased  the  system  may  again  become  unstable. 
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Examples 

The  following  examples  are  intended  to  give  a  more  detailed  picture 
of  certain  rather  simple  special  cases.  They  serve  to  illustrate  the 
previous  discussion.  In  all  the  cases  F  is  taken  equal  to  ^/  so  that 
/o  is  equal  to  AG.  This  simplifies  the  discussion  but  does  not  detract 
from  the  illustrative  value. 

1.  Let  the  network  be  pure  resistance  except  for  the  distortionless 
amplifier  and  a  single  bridged  condenser,  and  let  the  amplifier  be  such 
that  there  is  no  reversal.     We  have 

AJ{io^)  =  -^^,  (41) 

where  A  and  a  are  real  positive  constants.     In  (18)  ^^ 

U  =  ^.   r^"+'J»+i(ico)e*"'rf^"w  (42) 

=  Be-^'iB^'f^lnl). 
s{t)  =  Be-^'il  -]-  Bt  +  BH^ll  +  •  •  •)•  (43) 

The  successive  terms /o,/i,  etc.,  represent  the  impressed  wave  and  the 
successive  round  trips.     The  whole  series  is  the  total  current. 

It  is  suggested  that  the  reader  should  sketch  the  first  few  terms 
graphically  for  B  =  a,  and  sketch  the  admittance  diagrams  for  B  <  a, 
and  B  >  a. 

The  expression  in  parentheses  equals  e^'  and 

s(t)  =  Be^^-"^'.  (44) 

This  expression  will  be  seen  to  converge  to  0  as  /  increases  or  fail  to  do 
so  according  to  whether  B  <  a  or  B  ^  a.  This  will  be  found  to  check 
the  rule  as  applied  to  the  admittance  diagram. 

2.  Let  the  network  be  as  in  1  except  that  the  amplifier  is  so  arranged 
that  there  is  a  reversal.     Then 

AJiic.)  =  -^4-  .  (45) 

f^=  {-  l)-+'Be-"'{BV-lnl).  (46) 

The  solution  is  the  same  as  in  1  except  that  every  other  term  in  the 
series  has  its  sign  reversed : 

s(t)  =  -  Be-"'il  -  Bt  +  BHyil  +  •  •  •) 

=  -  Be^-"-""^'.  (47) 

1"  Campbell,  loc.  cit.    Pair  105. 
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This  converges  to  0  as  /  increases  regardless  of  how  great  B  may  be 
taken.  If  the  admittance  diagram  is  drawn  tliis  is  again  found  to  check 
the  rule. 

3.  Let  the  network  be  as  in  1  except  that  there  are  two  separated 
condensers  bridged  across  resistance  circuits.     Then 


AJ(ioj) 


B^ 


(a  +  iu))^ 


(48) 


The  solution  for  s(t)  is  obtained  most  simply  by  taking  every  other 
term  in  the  series  obtained  in  1. 


s(t)  =  Be-"'(Bt  +  BHySl  +  •  •  •) 
=  Be-"'  sinh  Bt. 


(49) 


4.  Let  the  network  be  as  in  3  except  that  there  is  a  reversal.     Then 

-  52 


AJ(iw)  = 


{a  -\-  ioi'f 


(50) 


The  solution  is  obtained  most  directly  by  reversing  the  sign  of  every 
other  term  in  the  series  obtained  in  3. 


s{t)  =  -  Be-"'{Bt  -  BH'131  +  •  •  •) 
=   -  Be-"'  sin  Bt. 


(51) 


This  is  a  most  instructive  example.     An  approximate  diagram  has 
been  made  in  Fig.  5,  which  shows  that  as  the  gain  is  increased  the 


B  =  IO 


W -  PLANE 


Fig.  5 — Illustrating  Example  4,  with  three  values  for  B. 
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feed-back  ratio  may  be  made  arbitrarily  great  and  the  angle  arbitrarily 
small  without  the  condition  being  unstable.  This  agrees  with  the 
expression  just  obtained,  which  shows  that  the  only  effect  of  increasing 
the  gain  is  to  increase  the  frequency  of  the  resulting  transient. 

5.  Let  the  conditions  be  as  in  1  and  3  except  for  the  fact  that  four 
separated  condensers  are  used.     Then 


yl/M 


B' 


(a  +  ico)'* 


(52) 


The   solution    is    most    readily   obtained    by   selecting   every   fourth 
term  in  the  series  obtained  in  1. 


s{t)  =  Be-"\BH'/3l  +  B't'/ll  + 
=  f5c-«'  (sinh  Bt  -  sin  Bt), 


■) 


(53) 


This  indicates  a  condition  of  instability  when  B  —  a,  agreeing  with  the 
result  deducible  from  the  admittance  diagram. 

6.  Let  the  conditions  be  as  in  5  except  that  there  is  a  reversal. 
Then 


Y  = 


-  B' 


(a  +  •z'co)'* 


(54) 


The  solution  is  most  readily  obtained  by  changing  the  sign  of  every 
other  term  in  the  series  obtained  in  5. 


s(l)  =  Be-"\-  BH'/Sl  +  B'tyjl  -  •  •  •)• 


(55) 


w- plane: 


Fig.  6 — Illustrating  Example  6,  with  two  values  for  B. 
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s{t)  =  -  i5e(«/^^"-«)'  sin  {BlH'l  -  7r/4). 
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(56) 


This  example  is  interesting  because  it  shows  a  case  of  instability 
although  there  is  a  reversal.     Fig.  6  shows  the  admittance  diagram  for 

5V2  -  a  <  0  and  for  B^  -  a  >  0. 

7.  Let 

AGiS)  =  Mt)  =  Ail  -t),        0  <  ^  <  1.  (57) 

AG(t)  =  Mt)  =  0,         -^</<0,         l</<oo.       (57') 
We  have 

AJ{ico)  =  A    \     (1  -  t)e-'"'dt 

Fig.  7  is  a  plot  of  this  case  for  ^  =  1. 

V 


W -PLANE 


8.  Let 


Fig.  7 — Illustrating  Example  7. 
A{\  -l-fco) 


AJ{iw)  = 


(1  +  Hl 


(59) 


This  is  plotted  on  Fig.  8  for  ^  =  3.  It  will  be  seen  that  the  point  1 
lies  outside  of  the  locus  and  for  that  reason  we  should  expect  that  the 
system  would  be  stable.  We  should  expect  from  inspecting  the  dia- 
gram that  the  system  would  be  stable  for  vl  <  1  and  A  >  2  and  that  it 
would  be  unstable  for  1  <  ^  <  2.  We  have  overlooked  one  fact, 
however;   the  expression   for  AJ{iw)   does   not  approach   zero   as   w 
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increases  indefinitely.  Therefore,  it  does  not  come  within  restriction 
(BI)  and  consequently  the  reasoning  leading  up  to  the  rule  does  not 
apply. 

The  admittance  in  question  can  be  made  up  by  bridging  a  capacity 
in  series  with  a  resistance  across  a  resistance  line.     This  admittance 


W- PLANE 
Fig.  8 — Illustrating  Example  8,  without  distributed  constants. 

obviously  does  not  approach  zero  as  the  frequency  increases.  In  any 
actual  network  there  would,  however,  be  a  small  amount  of  distributed 
capacity  which,  as  the  frequency  is  increased  indefinitely,  would  cause 
the  transmission  through  the  network  to  approach  zero.  This  is 
shown  graphically  in  Fig.  9.     The  effect  of  the  distributed  capacity  is 


W-PLANE 
Fig.  9 — Illustrating  Example  8,  with  distributed  constants. 

essentially  to  cut  a  corridor  from  the  circle  in  Fig.  8  to  the  origin,  which 
insures  that  the  point  lies  inside  the  locus. 


Appendix  I 
Alternative  Procedure 
In  some  cases  AJ{iiS)  may  be  given  as  an  analytic  expression  in 
(ioj).  In  that  case  the  analytic  expression  may  be  used  to  define  w  for 
all  values  of  z  for  which  it  exists.  If  the  value  for  ylJ(ico)  satisfies  all 
the  restrictions  the  value  thus  defined  equals  the  w  defined  above  for 
0  —  :x;  <  CO  only.  For  —  oo  <  .v  <  0  it  equals  the  analytic  continu- 
ation  of  the  function  w  defined  above.     If  there  are  no  essential 
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singularities  anywhere  including  at  co,  the  integral  in  {ii)  may  be 
evaluated  by  the  theory  of  residues  by  completing  the  path  of  inte- 
gration so  that  all  the  poles  of  the  integrand  are  included.  We  then 
have 


(60) 


If  the  network  is  made  up  of  a  finite  number  of  lumped  constants  there 
is  no  essential  singularity  and  the  preceding  expression  converges 
because  it  has  only  a  finite  number  of  terms.  In  other  cases  there  is  an 
infinite  number  of  terms,  but  the  expression  may  still  be  expected  to 
converge,  at  least,  in  the  usual  case.  Then  the  system  is  stable  if  all 
the  roots  oi  \  -  w  =  0  have  x  <  0.  If  some  of  the  roots  have  x  >  0 
the  system  is  unstable. 

The  calculation  then  divides  into  three  parts: 

1.  The  recognition  that  the  impedance  function  is  1  —  w." 

2.  The  determination  of  whether  the  impedance  function  has  zeros 
for  which  x  ^  0.^^ 


W -PLANE 


Fig.  10 — Network  of  loci  x  =  const.,  and  y  =  const. 

3.  A  deduction  of  a  rule  for  determining  whether  there  are  roots  for 
which  X  >  0.  The  actual  solution  of  the  equation  is  usually  too 
laborious. 

To  proceed  with  the  third  step,  plot  the  locus  x  =  0  in  the  w  plane, 
i.e.,  plot  the  imaginary  part  of  zv  against  the  real  part  for  all  the 
values  of  3-,   -  CO   <  3,  <  CO.     See  Fig.  10.     Other  loci  representing 


X  =  const. 


and 


y  =  const. 

11  Cf.  H.  W.  Nichols,  Phys.  Rev.,  vol.  10,  pp.  171-193,  1917. 
1^  Cf.  Thompson  and  Tait,  "Natural  Philosophy,"  vol.  I,  §  344. 


(61) 
(62) 
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may  be  considered  and  are  indicated  by  the  network  shown  in  the 
figure  in  fine  lines.  On  one  side  of  the  curve  x  is  positive  and  on  the 
other  it  is  negative.     Consider  the  equation 

w{z)  -1  =  0 

and  what  happens  to  it  as  A  increases  from  a  very  small  to  a  very  large 
value.  At  first  the  locus  x  =  0  lies  wholly  to  the  left  of  the  point. 
For  this  case  the  roots  must  have  x  <  0.  As  A  increases  there  may 
come  a  time  when  the  curve  or  successive  convolutions  of  it  will  sweep 
over  the  point  w  =  \.  For  every  such  crossing  at  least  one  of  the 
roots  changes  the  sign  of  its  x.  We  conclude  that  if  the  point  w  =  1 
lies  inside  the  curve  the  system  is  unstable.  It  is  now  possible  to 
enunciate  the  rule  as  given  in  the  main  part  of  the  paper  but  there 
deduced  with  what  appears  to  be  a  more  general  method. 

Appendix  II 

Discussion  of  Restrictions 

The  purpose  of  this  appendix  is  to  discuss  more  fully  the  restrictions 
which  are  placed  on  the  functions  defining  the  network.  A  full 
discussion  in  the  main  text  would  have  interrupted  the  main  argument 
too  much. 

Define  an  additional  function 

<^^  =  T--  r^T^'^^^'^^'         -  ^   <x<0.  (63) 

Zirt  J     IK  —  Z 

n{iy)  =  lim  n{z). 

This  definition  is  similar  to  that  for  iv{z)  given  previously.  It  is  shown 
in  the  theorem  ^^  referred  to  that  these  functions  are  analytic  for 
X  5^  0  if  AJ{iu))  is  continuous.  We  have  not  proved,  as  yet,  that  the 
restrictions  placed  on  G{i)  necessarily  imply  that  J{iw)  is  continuous. 
For  the  time  being  we  shall  assume  that  J{iui)  may  have  finite  dis- 
continuities. The  theorem  need  not  be  restricted  to  the  case  where 
J{io})  is  continuous.     From  an  examination  of  the  second  proof  it  will 

be  seen  to  be  sufficient  that   I   J{iui)d(iw)  exist.     Moreover,  that  proof 


X 


can  be  slightly  modified  to  include  all  cases  where  conditions  (AI)- 
(AIII)  are  satisfied. 

"  Osgood,  loc.  cit. 
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For,  from  the  eciuation  at  top  of  page  298  '■'' 
w(zo  -  As)  -  7t<So)         1      C    AJ{i\) 


Az 


^  Az 


J_  r  AJ(i\)d{i\) 


2iri  J,  (i\  —  2o  —  Az){i\  —  ZqY 

It  is  required  to  show  that  the  integral  exists.     Now 

r  AJ{i\)d{i\) 

J  J  (/X  —  2o  —  A2)(iX  —  zo)^ 

AJ{i\)d{i\) 


A-o  >  0.     (64) 


-J 


(?X    -   20)=* 


1    + 


i\  —  Z( 


+ 


A22 


■i\ 


Zo 


+  etc. 


(65) 


if  A2  is  taken  small  enough  so  the  series  converges.  It  will  be  sufficient 
to  confine  attention  to  the  first  term.  Divide  the  path  of  integration 
into  three  parts, 


00  <X<  —  |2o|  —  1, 


-1<X< 


+  1, 


+  1  <X<oo 


In  the  middle  part  the  integral  exists  because  both  the  integrand  and 
the  range  of  integration  are  finite.  In  the  other  ranges  the  integral 
exists  if  the  integrand  falls  off  sufficiently  rapidly  with  increasing  X. 
It  is  sufficient  for  this  purpose  that  condition  (BI)  be  satisfied.  The 
same  proof  applies  to  77(2). 

Next,  consider  lim  ^(2)  =  iv(iy).     If  iy  is  a  point  where  J{iy)  is 

continuous,  a  straightforward  calculation  yields 

w{iy)  =  AJ{iy)l2  +  P{iy).  (66a) 

Likewise, 

w(nO  =  -  AJ{:iy)l2  +  P{iy)  (66b) 

where  P{iy)  is  the  principal  value  ^*  of  the  integral 


1  r^,^i,^. 

Zirt  J   iX  —  ty 
Subtracting 

zv(iy)  —  n{iy)  =  AJ{iy) 

If  (iy)  is  a  point  of  discontinuity  of  J{iy) 

\w\  and  1 77 1  increase  indefinitely  as  X 
Next,  evaluate  the  integral 


(67) 
(68) 


J'iv(z)e'''dz, 
X+I 


"  E.  W.  Hobson,  "  Functions  of  a  Real  Variable,"  vol.  I,  3d  edition,  §  352. 
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where  the  path  of  integration  is  from  x  —  i<x)  to  x  -}-  i'X)  along  the 
line  X  =  const.  On  account  of  the  analytic  nature  of  the  integrand 
this  integral  is  independent  of  x  (for  x  >  0).     It  may  be  written  then 

If       /  N    ,7        1-       If      1     rAJ(i\)   ,,,,.^, , 

hm  :r — :   I      w(z)e''dz  =  hm  7—-.   I      ;r— .   I   — e'H{tK)dz 

^^0  27r7  J^^^  x^o  27r7  J^^j  27r7  J^   ^X  -  Z 

=  hm  T— .  T-^  hm  +  +  \^ e~'d{i\)dz 

=  lim  r^^.  ('     ;^.  r^''4r^^^'^('^)^^2  +  <2(^  5)  1,  .r>0,     (69) 

where  5  is  real  and  positive.  The  function  Q  defined  by  this  equation 
exists  for  all  values  of  t  and  for  all  values  of  5.     Similarly, 

lim  - — ;   I       n{z)e^'dz 

=  \  lim  ;^.  f     ^.   r^''i^e-d{i\)dz  +  Q{t,  5)1,  .v<0,     (70) 
Subtracting  and  dropping  the  limit  designations 

-^  r    w{z)e^^dz  -  ^.  C    n{z)e^'dz  =  ^.  C AJ{i\)e^^'d{i\).     (71) 

The  first  integral  is  zero  for  /  <  0  as  can  be  seen  by  taking  x  sufficiently 
large.     Likewise,  the  second  is  equal  to  zero  for  t  >  0.     Therefore, 

-U  r    w(z)e''dz  =  ^  f  AJMe^'^'diiw)  =  AG{t),    0  <t  <  ^     (72) 

—  - — :  I      ii(z)e^'dz 

=  ^.  f  AJ{ico)e'"'d(io:)  =  AG{t)  -  ^   <  /  <  0.     (73) 
We  may  now  conclude  that 

I   n{iy)e'y'diiy)  =  0,  -  co   <  /  <  00  (74) 

provided 

Git)  =  0,         -  ^  <  /  <  0.  (All) 

But  (74)  is  equivalent  to 

niz)  =  0,  (74') 
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which  taken  with  (67)  gives 

iviiy)  =  AJ{iy).  (Bill) 

(Bill)  is,  therefore,  a  necessary  consequence  of  (All).     (74')  taken 
with  (68)  shows  that 

J{iy)  is  continuous.  (BII) 

It  may  be  shown  ^^  that  (BI)  is  a  consequence  of  (AI).  Conse- 
quently all  the  B  conditions  are  deducible  from  the  A  conditions. 

Conversely,  it  may  be  inquired  whether  the  A  conditions  are 
deducible  from  the  B  conditions.  This  is  of  interest  if  AJ{i(S)  is  given 
and  is  known  to  satisfy  the  B  conditions,  whereas  nothing  is  known 
about  G. 

Condition  All  is  a  consequence  of  Bill  as  may  be  seen  from  (67) 
and  (74).  On  the  other  hand  AI  and  All  I  cannot  be  inferred  from 
the  B  conditions.  It  can  be  shown  by  examining  (5),  however,  that 
if  the  slightly  more  severe  condition 

lim  y-'Jiiy)  exists,         (7  >  1),  (Bio) 

is  satisfied  then 

G{t)  exists,         -  00   <  /  <  CO ,  (Ala) 

which,  together  with  All,  insures  the  validity  of  the  reasoning. 

It  remains  to  show  that  the  measured  value  of  J{iw)  is  equal  to  that 
defined  by  (6).  The  measurement  consists  essentially  in  applying  a 
sinusoidal  wave  and  determining  the  response  after  a  long  period.  Let 
the  impressed  wave  be 

E  =  real  part  of  g'"',         /  >  0.  (75) 

£  =  0,  /  <  0.  (75') 

The  response  is 

real  part  of  j    AG{\)e^'^^'-^^d\ 
Jo 

=  real  part  of  ^c*"'   |     G{\)e-^"^d\.     (76) 
For  large  values  of  /  this  approaches 

real  part  of  Ae^'^^J{iw).  (77) 

Consequently,  the  measurements  yield  the  value  ^/(/co). 

"  See  Hobson,  loc.  cit.,  vol.  II,  2d  edition,  §  335.  It  will  be  apparent  that  A'  de- 
pends on  the  total  variation  but  is  independent  of  the  limits  of  integration. 
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Data  and  Nature  of  Cosmic  Rays 

By  KARL  K.  DARROW 

"Cosmic  rays"  is  the  name  of  the  ultimate  cause  which  maintains  that 
part  of  the  ionization  of  the  air  which  cannot  be  ascribed  to  the  rays  of  radio- 
active substances  on  earth  nor  to  any  other  known  agency.  The  measure- 
ment of  this  residue,  the  discrimination  between  it  and  that  part  of  the 
ionization  which  is  due  to  familiar  rays,  is  the  first  problem  of  cosmic-ray 
research.  Second  comes  the  problem  of  learning,  from  measurements  made 
at  as  many  places  and  under  as  many  conditions  as  possible,  the  nature  of 
the  mysterious  ionizing  agent.  One  naturally  begins  by  assuming  it  to  be 
like  in  kind  to  one  or  another  of  the  known  types  of  ionizing  rays,  but 
different  in  quality;  e.g.  to  consist  of  electrons  faster  than  any  known 
electrons,  or  photons  of  greater  energy  and  lesser  wave-length  than  any 
known  photons.  It  is  not  yet  certain  whether  one  of  these  hypotheses  will 
fit,  or  rays  of  some  new  type  must  be  imagined.  The  direct  measurements 
of  ionization  are  supplemented  by  observations  of  material  particles  of 
evidently  enormous  energy  which  dart  across  the  atmosphere  in  straight 
paths  leaving  trains  of  ions  behind.  On  the  whole  it  seems  highly  probable 
that  these  particles,  or  those  (if  such  there  be)  from  which  they  receive  their 
energy,  come  to  the  earth  from  outer  space;  and  the  energy  which  they  bear 
is  so  great,  that  its  source  must  be  some  process  not  yet  known. 

THE  subject  of  this  article  is  unique  in  modern  physics  for  the 
minuteness  of  the  phenomena,  the  deUcacy  of  the  observations, 
the  adventurous  excursions  of  the  observers,  the  subtlety  of  the 
analysis,  and  the  grandeur  of  the  inferences.  The  effect  which  is 
studied,  which  may  be  described  as  the  liberation  of  electrons  from  the 
molecules  of  the  air  by  agents  otherwise  unknown,  amounts  at  sea-level 
to  the  liberation  of  only  about  1500  of  these  per  cubic  decimetre  of  air 
per  second.  It  is  not  the  whole  of  the  observed  effect;  these  1500 
electrons  are  those  which  are  left  over  out  of  a  quantity  often  much 
greater,  after  allowance  is  made  for  the  actions  of  all  known  ion- 
izing agents.  The  methods  employed  are  ranked  among  the  most 
ingenious  and  sensitive  of  science;  yet  the  apparatus  is  not  invariably 
set  up  in  the  calm  seclusion  of  the  laboratory.  Physicists  with  their 
frail  machines  have  gone  to  high  mountain  ponds  in  the  Sierras  and 
the  Andes,  to  the  distant  wildernesses  about  the  earth's  magnetic 
poles;  they  have  scooped  out  cavities  in  Alpine  glaciers,  they  have  lifted 
hundredweights  of  lead  to  the  tops  of  peaks  above  the  snow-line,  they 
have  cruised  the  arctic  and  the  tropical  oceans,  they  have  descended 
into  tunnels  and  deep  mines,  they  have  ascended  into  the  sky.  in 
aeroplanes  and   balloons.     As  for  the  analysis  of  the  precious  data 
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obtained  with  so  much  labor,  it  will  be  evident  from  this  article  how 
intricate  a  process  it  now  proves  to  be. 

And  the  incentive  for  all  these  labors?  At  first,  the  problem  seems 
little  more  exciting  than  the  tracing  of  an  insignificant  leak  in  an  ap- 
paratus supposedly  insulated.  There  is,  however,  reason  to  suspect 
that  this  leak  is  due  to  causes  really  sensational.  The  comprehended 
part  of  the  ionization  of  the  air  being  due  to  known  rays  such  as  X-rays, 
light,  and  the  radiations  from  radioactive  substances,  it  is  natural  to 
ascribe  the  mysterious  residue  to  rays  as  yet  unknown.  It  turns  out 
then  that  these  hypothetical  rays  must  lie  beyond  any  yet  discovered ; 
if  they  are  electrons,  they  must  be  swifter  electrons — if  protons,  faster 
protons — if  corpuscles  of  light,  then  corpuscles  of  higher  frequency  and 
higher  energy,  than  any  thus  far  known;  or  else  they  must  be  particles 
of  a  totally  new  variety.  It  is  not  easy  to  imagine  where  they  could 
come  from  on  earth,  and  there  are  various  reasons  for  supposing  that 
the}'  wander  in  from  outer  space.  Messengers  from  the  depths  of  space 
and  from  the  stars — corpuscles  of  visible  light,  meteorites,  the  electrons 
which  are  the  presumptive  causes  of  the  aurora — are  constantly  being 
received  and  ha\e  been  amply  interpreted;  it  is  probable  that  these 
cosmic  rays  have  a  message  of  value,  perhaps  of  the  first  importance. 

The  dates  of  the  beginnings  of  cosmic-ray  research  have  been  much 
disputed,  in  an  unprofitable  fashion.  I  like  to  set  aside  the  contro- 
versies by  choosing  a  time  extravagantly  remote,  the  year  1785!  In 
that  year,  it  is  said.  Coulomb  made  the  first  acceptable  proof  that  the 
air  of  the  atmosphere  is  conductive.  It  had  long  been  known  that  an 
electrified  body,  mounted  on  the  best  available  insulator  and  set  up  in 
the  air,  slowly  loses  its  charge;  it  had,  however,  been  thought  that  the 
"leak"  is  partly  an  escape  through  the  insulator  or  over  the  surface 
thereof,  partly  a  carrying-oft'  of  charge  by  particles  of  dust  which  drift 
up  to  the  electrified  body,  touch  it  and  depart — Coulomb  found  that  in 
addition  to  these,  there  is  an  actual  conduction  through  the  air. 

After  this  discovery,  progress  ceased  for  many  years.  Towards  the 
end  of  the  nineteenth  century  it  was,  however,  learned  that  the  air 
becomes  much  more  conductive  than  normally  it  is,  when  rays  of 
certain  kinds  pervade  it — X-rays  for  instance,  and  the  radiations  from 
radioacti\e  atoms.  Further,  it  was  found  that  some  part,  at  least,  of 
the  normal  conductivity  of  atmospheric  air  is  due  to  rays  from  radio- 
active atoms  blown  about  by  the  wind  or  embedded  in  the  ground. 
Then  came  the  time  for  asking:  Is  there  a  residual  part  of  the  normal 
conductivity  of  the  air,  which  cannot  be  ascribed  to  rays  of  any  kind 
hitherto  known?  With  the  asking  of  this  question,  the  way  was 
opened  to  the  sequence  of  researches,  which  form  the  topic  of  this 
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article.  "Cosmic  rays"  are  by  definition  the  cause  of  that  residue  of 
the  ionization  of  the  atmosphere,  which  is  left  over  after  deduction  of 
all  of  the  ionization  which  can  be  traced  to  the  action  of  the  rays  of 
radioactive  substances,  or  any  other  known  cause  whatever. 

I  write  "ionization"  instead  of  "conductivity":  this  is  because  it  is 
well  enough  known  that  when  a  volume  of  gas  is  and  remains  con- 
ductive, it  is  constantly  being  ionized — which  is  to  say,  electrons  are 
constantly  being  detached  from  its  molecules.  Molecule  and  electron 
become  ions,  the  members  of  an  "ion-pair";  if  there  is  an  electrified 
body  nearby,  those  of  the  sign  opposite  to  its  charge  are  drawn  to  it 
(those  of  the  other  sign  going  to  the  earth)  and  step  by  step  their 
charges  neutralize  its  own.  The  question  set  above  may  therefore  be 
rephrased:  Are  ion-pairs  appearing  in  the  atmosphere  oftener  than 
rays  of  known  varieties  are  making  them? 

To  answer  this  question,  one  must  of  course  exclude  all  of  the  rays 
from  radioactive  substances  (and,  naturally.  X-rays  and  other  artificial 
kinds)  from  the  volume  of  air  which  one  is  studying;  or  if  they  cannot 
be  excluded  altogether,  one  must  estimate  the  ionizing-power  of  those 
which  remain.  They  are  important  in  cosmic-ray  research  as  causes 
of  error;  they  are  important  also  in  another  way,  as  tentative  models 
for  theories  of  the  cause  of  the  residual  ionization.  In  attempting  to 
explain  this  mysterious  residue,  the  procedure  both  natural  and  wise  is 
to  begin  by  supposing  it  similar  to  alpha-rays,  or  else  to  beta-rays,  or 
else  to  gamma-rays.  In  the  end  it  may  be  found  needful  to  postulate 
some  ionizing-agent  entirely  different  from  all  of  these;  but  in  the 
beginning,  they  should  be  the  guides. 

Of  the  three  named  classes  of  rays,  one  (the  alpha-particles  or  posi- 
tive corpuscles)  has  a  sharply-limited  range  in  air  so  short,  that  such  as 
come  from  the  ground  are  stopped  within  a  few  inches ;  and  a  range  in 
metal  so  extremely  short,  that  even  if  one  wished  it  would  not  be 
possible  to  build  a  durable  air-chamber  with  solid  walls  so  thin  that 
the  alpha-rays  could  get  through. 

The  second  (the  beta-particles  or  fast  electrons)  have  a  range  which 
varies  from  one  radioactive  element  to  another,  and  even  from  one 
particle  to  another  among  those  emitted  by  a  single  element.  This 
range  is  often  much  longer  than  that  of  an  alpha-particle,  and  less 
precise.  Air  at  a  distance  of  many  metres  above  the  ground  may  be 
sensibly  ionized  by  beta-corpuscles  proceeding  from  the  soil.  All 
along  their  paths,  beta-particles  engender  ion-pairs  profusely — in  air 
at  normal  (sea-level)  density,  never  fewer  than  forty  per  cm.  Never- 
theless they  do  not  enter  an  air-chamber  walled  by  a  very  few  centi- 
meters of  lead,  and  need  not  be  a  serious  cause  of  confusion. 


CONTEMPORARY  ADVANCES   IN  PHYSICS  151 

More  formidable  is  the  third  kind,  the  gamma-rays  or  short  electro- 
magnetic waves.  They  also  vary  from  one  element  to  another,  and 
different  wave-lengths  may  proceed  from  a  single  element;  some  are 
innocuous,  but  some  are  much  more  penetrating  than  even  beta-rays. 
One  must  be  careful  about  the  language  here;  one  must  not  say  that 
they  have  a  great  range.  To  speak  of  "range"  implies  that  when  a 
number  of  particles  is  started  off  side  by  side  with  equal  speed  along 
parallel  paths  into  a  stratum  of  matter,  they  continue  to  follow  parallel 
paths — albeit  with  diminishing  speed — until  they  are  brought  to  a  stop, 
this  termination  coming  for  each  of  them  at  the  same  distance  from 
their  source.  Of  alpha-particles  this  is  nearly  a  true  statement,  of 
beta-particles  it  is  a  fair  approximation.  Of  gamma-corpuscles  or 
photons  (for  gamma-rays  are  high-frequency  light,  and  may  therefore 
be  regarded  alternatively  as  corpuscles  and  as  waves)  it  is  not  true  at 
all.  If  a  number  of  these,  all  of  identical  wave-length,  is  started  off 
side  by  side  along  parallel  paths  into  a  stratum  of  matter,  one  after 
another  impinges  on  an  atom,  or  (it  is  probably  better  to  say)  upon  an 
electron  belonging  to  some  atom.  Until  such  an  impact,  the  photon 
does  not  ionize  at  all,  but  passes  unperceived.  The  number  which  at  a 
distance  x  from  the  source  have  not  yet  suffered  an  impact  varies  as  an 
exponential  function  e~''^  of  that  distance. 

At  such  an  impact  the  gamma-ray  photon  loses  energy  and  suffers  a 
deflection,  which  may  or  may  not  be  considerable.  It  also  liberates  the 
electron,  which  is  an  act  of  ionization;  but  usually  the  electron  itself, 
being  started  off  w^ith  considerable  speed,  liberates  a  great  number  of 
additional  electrons  from  other  atoms  of  the  gas,  so  that  the  direct 
ionization  by  the  gamma-rays  falls  far  behind  the  indirect;  most  of  the 
wnization  by  gamma-rays  is  done  by  the  intermediacy  of  fast  electrons. 
One  may  say  that  the  lower  the  value  of  tx,  the  more  penetrating,  or 
"harder,"  are  the  gamma-rays;  one  may  compare  values  of  p.  for 
gamma-rays  of  different  w^ave-lengths ;  but  one  may  not  compare  a 
value  of  IX  for  these  with  a  value  of  range  for  beta-particles  or  alpha- 
particles  (unless  one  should  arbitrarily  define  the  range  of  a  beam  of 
gamma-rays  as  the  distance  over  which  its  intensity  is  reduced  by  say 
99  per  cent,  which  would  be  very  misleading). 

These  are  very  important  matters,  for  the  chance  of  deciding  whether 
the  cosmic  rays  are  likest  to  gamma-rays  or  to  material  particles  turns 
largely  upon  differences  such  as  these.  Another  detail  is  important: 
the  practice  of  stating  values  of  m  for  standard  materials,  such  as  water 
or  lead.  It  is  approximately  true  that  slabs  of  various  materials  will 
absorb  the  same  fraction  of  an  incident  beam  of  gamma-rays  (of  a 
single  wave-length,  be  it  understood)  if  their  thicknesses  are  so  adjusted 
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that  all  of  them  have  the  same  mass  per  unit  of  surface-area.  The 
densities  of  air  at  sea-level,  of  water  and  of  lead  stand  to  each  other  in 
about  the  ratios  .0013  :  1  :  11.4;  a  metre  of  water  is  therefore  "equiva- 
lent" in  this  respect  to  about  nine  centimetres  of  lead  or  three- 
quarters  of  a  kilometre  of  air  at  sea-level.  After  measuring  ju  in  a 
material  of  density  p,  one  may  reduce  it  to  a  value  approximately 
equal  to  that  which  would  be  found  in  a  standard  material  (lead,  for 
instance)  of  density  po,  by  multiplying  it  with  the  factor  (po/p).  A 
better  approximation  yet,  for  the  harder  gamma-rays,  is  the  statement 
that  the  slabs  absorb  the  same  fraction  of  the  gamma-ray  beam  if  the 
atoms  under  each  unit  of  surface-area  have  the  same  number  of  bound 
electrons  altogether.  Denoting  the  number  of  bound  electrons  per 
unit  volume  of  the  material  in  question  by  E,  the  corresponding 
number  for  lead  (say)  by  £o,  we  find  (Eo/E)  for  the  value  of  the  factor 
by  which  an  observed  value  of  [x  is  to  be  multiplied,  in  order  to  convert 
it  into  one  approximately  valid  for  lead.^  To  give  a  definite  example, 
I  will  mention  simply  that  ten  centimetres  of  lead  intercept  all  but  a 
few  per  cent  of  the  hardest  gamma-ray  corpuscles  which  come  from 
radioactive  bodies;  and  that  a  couple  of  kilometres  above  the  earth,  one 
need  not  worry  about  the  influence  of  the  radioactivity  of  the  ground. - 

So,  to  avoid  ionization  of  air  by  the  rays  of  the  known  radioactive 
elements  at  the  surface  of  the  earth,  one  surrounds  the  air  which  one  is 
observing  by  matter  more  than  thick  enough  to  stop  all  of  the  alpha 
and  all  of  the  beta-particles,  and  thick  enough  to  cut  ofT  all  but  a  few 
per  cent  of  the  gamma-corpuscles.  Often  this  is  done  by  using  plates 
of  lead  several  cm.  thick  for  the  walls  of  the  air-chamber.  Sometimes 
it  is  done  by  sinking  the  chamber  into  a  lake,  or  digging  a  hole  into  the 
ice  of  a  glacier.  A  much  greater  thickness  of  water  frozen  or  liquid  is 
required  to  intercept  the  unwanted  rays,  than  of  lead;  this  thickness 
must  surround  the  air-chamber  on  all  sides,  towards  the  bottom  of  the 
lake,  towards  its  edges,  even  (if  there  be  overhanging  mountains,  or 
radioactivity  in  the  air)  towards  its  surface;  but  water  is  inexpensive, 
and  does  not  have  to  be  carried  about.  Or  by  going  up  in  a  balloon, 
or  sending  up  the  air-chamber  in  a  balloon  without  oneself  attending  it, 
one  may  put  enough  air  beneath  the  apparatus  to  screen  away  the 
rays  from  the  ground. 

But  are  there  not  radioactive  atoms  in  the  very  materials  used  to 

1  For  an  element  of  atomic  weight  A  and  atomic  number  Z  and  density  p,  the 
value  of  E  is  Zp/Amn,  the  symbol  w//  standing  for  the  mass  of  the  hydrogen  atom. 
For  lead  Z  =  S2,  A  =  206,  po  =  11.4.  For  a  compound  of  known  constitution  the 
formula  can  easily  be  worked  out;  if  the  constitution  is  unknown  but  certainly  involves 
atoms  of  high  atomic  number  only,  one  may  put  Z/A   =  }  o  as  a  rough  approximation. 

2  Miliikan  in  a  specific  case  says  that  4.8  cm.  of  lead  intercept  90  per  cent  of  the 
gamma-rays  from  igneous  rocks  {Phys.  Rev.  (2),  28,  p.  862;  1926). 
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protect  the  ionization-chaml)er?  the  air,  the  ice,  the  water,  the  leaden 
walls  themselves?  Of  the  atmospheric  air  I  have  already  admitted 
this;  the  quantity  of  radioactive  gas  commingled  with  it  can,  however, 
be  measured,  is  generally  very  small,  and  does  not  seem  to  bother 
observers  when  they  are  not  too  close  to  the  ground.  As  for  the  water : 
Millikan  has  always  carefully  chosen  "snow-fed"  lakes,  high  in  the 
mountains  where  the  water  is  derived  not  from  springs  which  have 
seeped  through  soil,  but  from  snow  which  has  fallen  onto  bare  rock 
from  on  high.  Ice  of  glaciers,  it  is  to  be  presumed,  has  an  origin  equally 
uncorrupted.  The  same  cannot  be  said  for  the  water  of  Lake  Con- 
stance wherein  Regener's  data  were  taken,  but  he  by  special  tests 
proved  the  effect  of  its  radioactivity  to  be  slight. 

As  for  the  lead  (or  whatever  other  metal  or  metals  may  be  used  in 
making  the  ionization-chamber)  this  too  may  be  contaminated  with 
radioactive  atoms.  Some  people  have  mounted  wire  netting  all 
around  the  interior  of  the  chamber  at  some  distance  from  the  walls,  so 
that  such  rays  as  come  from  the  wall  and  are  soft  (in  the  sense  opposite 
to  that  in  which  I  spoke  of  gamma- rays  as  hard)  may  be  largely  ab- 
sorbed between  the  wall  and  the  net;  voltages  are  so  arranged  that  the 
ions  produced  in  this  space  are  not  counted  by  the  observer.  This 
device  is  not  always  used,  nor  when  used  is  it  fully  effective.  A  some- 
what experienced  man  might  expect  to  be  able  to  allow  for  the  radio- 
activity of  the  wall,  through  knowledge  acquired  by  varying  the 
density  of  the  air  and  studying  the  ionization  as  function  of  density; 
this  has  been  done,  but  we  shall  see  that  the  results  have  added  new 
mysteries  to  the  problem. 

The  walls,  then,  must  be  expected  to  cause  a  permanent  ionization 
in  the  air-chamber,  constant  and  independent  of  the  outside  world. 
Moreover  electrical  leaks  must  occur,  whereby  the  charged  electrode 
gradually  loses  its  charge  by  conduction  through  the  not-quite-perfect 
msulators  on  which  it  is  mounted.  How  can  we  hope  to  distinguish 
the  joint  effect  of  these  from  that  of  the  cosmic  rays?  or,  to  put  the 
same  question  more  properly,  how  can  we  hope  to  find  what  part  of  the 
ionization,  if  any,  is  not  due  to  either  of  these? 

This  is  indeed  a  serious  question,  inasmuch  as  it  is  a  problem  not  of 
distinguishing  a  known  from  an  unknown,  but  two  unknowns  from  one 
another.  Of  course,  if  one  makes  the  gratuitous  assumption  that  the 
"cosmic  rays"  cannot  penetrate  x  feet  of  rock,  then  one  may  take  the 
apparatus  into  a  cave  or  hollow  under  more  than  x  feet  of  rock,  and 
measure  the  rate  at  which  the  charged  electrode  is  discharged;  and 
then,  after  deducting  the  allowance  to  be  made  for  the  rays  from  radio- 
active substances  in  the  rock  which  penetrate  into  the  chamber,  one 
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can  say  that  the  residue  {Restgan^,  the  Germans  call  it)  is  the  joint 
effect  of  the  causes  aforesaid,  and  must  thenceforth  be  subtracted 
from  every  reading  made  with  the  same  apparatus.  Kolhorster  did 
this  on  a  grand  scale,  going  many  hundreds  of  metres  down  into  one 
of  the  potash-mines  of  Stassfurt,  where  there  is  a  great  hollow  exca- 
vated in  rocksalt;  the  thickness  of  the  overlying  rock  was  great,  but 
as  a  drawback  there  was  a  powerful  radioactivity  of  the  potassium  in 
the  rock-salt,  causing  hard  gamma-rays  of  which  a  perceptible  frac- 
tion invaded  the  chamber.  In  Java  the  physicist  Clay  took  his 
machinery  into  a  tunnel,  where  he  was  covered  by  rock  eighty-four 
metres  thick  and  far  less  rich  than  rocksalt  in  radioactive  atoms;  in 
the  Sierra  Nevada  Millikan  descended  185  metres  into  granite. 

More  instructive  is  the  customary  procedure  of  Millikan  and  of 
Regener.  We  shall  presently  consider  curves  (Figs.  3,  4,  5)  which 
show  the  rate  of  discharge  of  electroscopes  in  air-chambers  sunk  under 
water,  plotted  against  the  depth  of  submergence.  The  discharge- 
rate  falls  off  as  the  air-chamber  is  lowered,  but  the  decline  grows  slower 
and  slower;  the  curve  flattens  out  and  seems  to  approach,  seems  even 
to  attain,  a  certain  horizontal  line.  It  is  the  ordinate  of  this  line  which 
is  taken  as  the  Restgang;  this  is  subtracted  from  all  the  other  ordinates, 
the  differences  are  ascribed  to  the  cosmic  rays.  Now  if  one  could 
be  absolutely  sure  that  this  is  the  line  to  which  the  curve  is  making 
asymptotic  approach,  there  would  be  no  uncertainty.  But  since  no 
measurement  is  perfectly  precise,  no  one  can  say  absolutely  that  the 
curve  is  not  still  gently  sloping,  towards  an  asymptote  distinctly 
lower  than  the  lowest  value  measured.  Yet  it  is  on  some  guess 
as  to  the  answer  of  this  unanswerable  question  that  there  rest,  not 
(fortunately)  the  proof  that  there  are  such  things  as  cosmic  rays,  but 
the  estimates  of  their  amount  and  of  their  greatest  penetrating  power. 
I  revert  to  this  question  later;  at  present  I  merely  mention  it,  in  order 
to  show  how  difficult  these  estimates  may  be. 

A  very  important  point  now  demands  to  be  noticed.  In  taking 
these  elaborate  precautions  to  exclude  the  rays  from  radioactive 
substances  beyond  the  walls  of  the  air-chamber,  is  one  not  also  keeping 
out  some  of  the  cosmic  rays  themselves?  To  deny  this  would  be  all 
but  impossible;  it  would  amount  to  assuming  that  all  ionizing  rays, 
apart  from  those  which  we  recognize  as  proceeding  from  known 
radioactive  atoms,  are  so  much  more  penetrating  than  these  that  they 
pass  absolutely  undiminished  through  centimetres  of  lead  and  metres 
of  water — an  assumption  which  has  only  to  be  stated,  to  show  itself 
improbable.  True,  if  the  unknown  rays  come  altogether  from  above, 
and  if  the  radioactivity  of  the  air  can  be  allowed  for,  one  may  omit  to 
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carry  the  screen  of  lead  over  the  top  of  the  air-chamber — or,  one  may 
float  the  apparatus  on  or  just  below  the  surface  of  the  lake — or,  one 
may  rely  exclusively  on  observations  made  in  the  upper  air.  But  it  is 
likely  that  part  of  the  unknown  radiation  comes  very  obliquely  down- 
ward through  the  atmosphere,  and  therefore  is  liable  to  be  obstructed 
by  lateral  walls  of  lead  which  cannot  be  removed  without  admitting  to 
the  apparatus  other  rays  which  come  very  obliquely  upward  from  the 
earth.  So,  every  sort  of  screening  by  water  or  by  metal  probably  keeps 
out  some  of  the  rays  which  are  wanted,  along  with  those  which  are 
unwanted.  Only  the  observations  in  the  uppermost  air  may  give  the 
full  effect  of  the  mysterious  radiation,  and  perhaps  not  even  they,  for 
the  walls  of  the  chamber  cannot  be  reduced  to  infinite  thinness. 

How  great  is  the  ionization  left  over  to  be  ascribed  to  cosmic  rays, 
after  Restgang  and  radioactivity  are  allowed  for?  The  absolute  value 
is  still  a  subject  of  controversy;  fortunately  it  is  a  minor  matter, 
knowledge  of  which  is  not  required  for  solving  the  major  problems; 
thus,  to  determine  the  penetrating  power  of  the  rays  one  needs  only 
relative  values  at  various  depths  of  water.  Concerning  it  I  will  merely 
state,  that  in  the  atmosphere  near  sea-level,  the  nntnber  of  ions  of  either 
sign  appearing  per  cubic  centimetre  per  secoyid,  and  attributed  to  cosmic 
rays,  averages  about  one  and  o?ie-half.  Say  we  have  an  ionization- 
chamber  of  volume  U  (in  cubic  centimetres),  at  sea-level,  filled  with  air 
at  atmospheric  pressure.  Its  charged  electrodes  will  be  discharged 
at  a  certain  rate;  part  of  this  rate  of  discharge  can  be  explained  in  the 
ways  aforesaid;  the  rest,  the  inexplicable  residue,  will  amount  to 
about  l.5Ue.  This  residue  is  the  evidence  for  the  cosmic  rays.  The 
electron-charge  e  is  so  small,  that  even  when  the  volume  of  the  chamber 
is  thousands  of  cubic  centimetres  the  product  (l.SUe)  is  no  great 
quantity  of  electricity.  High  up,  the  effect  is  much  greater;  according 
to  Piccard  it  is  so  great  at  sixteen  kilometres  over  sea-level,  that  if  the 
air  up  there  were  as  dense  as  it  is  by  the  sea,  there  would  be  200  ions  of 
either  sign  appearing  per  cc.  per  second. 

Stating  the  effect  in  ions  per  cc.  per  second  has  one  disadvantage:  it 
suggests  that  in  each  cubic  centimetre  of  an  ionization-chamber  the 
ions  are  created  at  random, — one  in  the  middle,  perhaps,  at  a  certain 
instant,  the  next  somewhere  else  two-thirds  of  a  second  later,  the  next 
yet  somewhere  else  two-thirds  of  a  second  later  yet,  and  so  on.  What 
happens,  however,  is  this:  at  practically  a  single  instant  hundreds,  or 
even  thousands,  of  ion-pairs  are  created  along  a  single  straight  line 
traversing  the  chamber;  this  is  followed  by  many  seconds,  or  even 
minutes,  during  which  nothing  happens;  then  there  is  another  such 
event,  a  train  of  ions  suddenly  appearing  along  a  straight  line,  not 
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however  the  same  one;  another  interval,  another  train  of  ions,  and  so 
forth.  The  method  of  measurement  which  thus  far  I  have  been  pre- 
supposing conceals  these  individual  events,  giving  merely  the  sum  of  all 
the  ions  which  come  into  being  over  a  period  of  hours  (or,  at  least,  of 
many  minutes).  Towards  the  end  of  the  article  I  shall  speak  of  other, 
and  very  striking,  methods  which  reveal  them. 

Passing  now  to  the  experiments,  I  will  take  up  first  the  various 
groups  of  measurements  made,  each  with  a  single  instrument  of  the 
ionization-chamber  or  electroscope  type,  at  various  heights  above  the 
ground  or  various  depths  below  the  surfaces  of  lakes. 

Imagine,  to  begin  with,  a  metal-walled  air-filled  box,  having  inside  it 
a  pair  of  strips  of  gold-foil  hanging  side  by  side  from  a  metal  knob  at 
the  end  of  an  insulating  rod,  and  in  one  wall  a  window  through  which 
this  "gold-leaf  electroscope"  can  be  seen.  The  metal  wall  is  earthed, 
and  the  leaves  of  gold  are  charged,  usually  by  a  metal  rod  so  mounted 
in  a  ground-joint  in  the  wall  that  by  turning  the  joint  the  rod  can  be 
touched  to  the  knob  which  holds  the  leaves.  The  wall  is  discon- 
nected from  earth,  the  box  is  set  up  in  whatever  place  is  chosen  for  the 
measurement.  The  divergence  of  the  gold-leaves  is  measured  at  the 
beginning  and  at  the  end  of  a  chosen  interval  of  time.  By  calibrating 
the  device  (I  will  not  enter  into  the  details  of  this  process)  one  may 
determine  how  much  charge  of  one  sign  has  been  lost  from  the  leaves, 
how  much  charge  of  the  opposite  sign  has  been  gained  by  the  leaves, 
in  the  time  allotted.  This  is  the  ultimate  datum.  The  process  is  then 
repeated  in  other  places. 

All  of  the  experiments  which  I  shall  now  describe  are  in  principle 
like  this  imagined  one,  but  greatly  improved  in  technical  detail. 
Gold-leaves  would  be  too  frail  for  an  apparatus  meant  to  be  moved 
about;  for  them  are  substituted  sometimes  a  pair  of  quartz  fibres 
brought  together  at  both  ends,  not  at  one  only  (Fig.  1)  or  else  a 
"string  electrometer."  Sometimes  the  observations  are  made  fifteen 
kilometres  up  in  the  air,  or  two  hundred  metres  down  under  water. 
It  is  not  always  convenient,  sometimes  not  feasible,  for  the  observer  to 
go  with  his  instrument;  it  is  not  always  safe  to  make  the  initial  reading 
before  the  apparatus  is  sent  on  its  way,  the  final  reading  after  it  is 
brought  back.  The  observations  must  then  be  delegated  to  a  mecha- 
nism; the  divergence  of  the  fibres  or  the  position  of  the  string  is 
recorded  by  photography,  perhaps  at  intervals  of  time  previously 
chosen  and  regulated  by  machine,  perhaps  continuously.  The  pieces 
of  apparatus  designed  to  do  these  things,  and  meanwhile  to  survive 
immersion  or  transportation  to  great  heights  and  low  temperatures, 
are  often  prodigies  of  compactness. 
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Though  the  work  of  MilHkan  and  his  school  is  unrivalled  for 
extent,  I  will  begin  with  Regener's,  which  is  an  unique  example  of  a 
wide  range  of  water-depths  covered  in   a  single  experiment.     The 
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Fig.  1 — Sketch  of  a  two-fibre  electroscope  (after  Millikan). 


ionization-chamber  (walls  of  steel  a  centimeter  thick,  39  liters  (!)  in 
volume  filled  with  carbon  dioxide  at  a  pressure  of  30  atmospheres) 
was  floated  for  days  at  a  time  at  each  of  several  levels  in  the  great  Lake 
of  Constance  (Bodensee)  on  the  northern  boundary  of  Switzerland. 
Every  hour  a  light  flashed  for  a  few  seconds,  and  the  image  of  the 
fibre  of  the  string-electrometer  was  impressed  upon  a  film,  wound  about 
a  slowly  and  equably  revolving  drum.  One  sees  in  Fig.  2  the  succes- 
sive images  of  the  string,  developed  after  the  experiment  was  completed 
and  the  film  removed  from  the  drum;  it  is  evident  how  they  lie  closer 
together  as  the  chamber  is  lowered  deeper  and  deeper  beneath  the 
surface,  the  ionization  therefore  becoming  feebler  and  feebler.     The 
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water,  as  we  shall  see,  is  serving  not  merely  as  a  screen  for  keeping  out 
the  rays  of  radioactive  matter  in  the  earth  but  as  an  instrument  for 
studying  the  penetrative  power  of  the  unknown  rays  themselves. 
Records,  as  I  just  said,  were  made  an  hour  apart,  and  ordinarily  were 
continued  over  two  days  at  each  depth. 
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Fig.  2 — Photographic  registration  of  the  position  of  the  string  of  a  string  electrometer, 
showing  gradual  shift  due  to  discharge  by  cosmic  rays  (Regener). 

Measurements  were  made  at  seven  depths:  in  metres,  these  amounted 
to  32.4,  78.6,  105.2,  153.5,  173.6,  186.3,  and  230.8.  They  were  plotted 
as  function  of  depth;  the  resulting  curve,  shifted  downward  by  0.78  (we 
need  not  consider  the  exact  meaning  of  the  units  along  the  axis  of 
ordinates)  appears  as  /  in  Fig.  3.  It  is  concave-upward,  of  a  shape 
which  suggests  that  there  are  both  a  Restgang,  and  ionizing-rays  di- 
minishing in  strength  as  they  descend  through  the  water  from  above. 
But  it  is  not  sufficiently  prolonged  to  permit  the  eye  to  decide  with 
confidence  the  value  of  the  Restgang;  the  exact  effect  of  the  ionizing 
rays  is  therefore  not  to  be  judged  by  inspection.  How  did  Regener 
proceed?  He  postulated  that  the  readings  y  at  the  three  greatest 
depths  (depth  measured  downward  from  the  surface  being  denoted  by 
x)  are  sums  of  a  constant  and  an  exponential  term: 

y  =  A  +  ^e-"^;  X  =  173.6,  186.3,  230.8, 
and  found  what  values  must  be  given  to  A,  B,  and  m  in  order  to  get  the 
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best  possible  fit  of  such  an  expression  to  the  data.  He  then  noticed 
that  the  same  expression  would  equally  well  fit  the  data  for  the  next 
two  of  the  depths,  153.5  and  105.2;  and  this  convinced  him  that  it  is 
physically  sound. 
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Fig.  3 — Ionization  ascribed  to  cosmic  rays  as  function  of  depth  beneath  surface 
of  Lake  Constance  (the  straighter  curve  is  a  semi-logarithmic,  the  other  a  direct  plot) 
(Regener). 

The  ionization  has  therefore  been  separated  by  assumption  into  a 
Restgang  A  and  an  effect  of  ionizing  rays  diminishing  exponentially 
with  increase  of  depth.  The  value  of  A  is  0.78;  it  is  the  downward 
shift  mentioned  just  above,  so  that  the  curve  /  in  Fig.  3  shows  the 
part  of  the  ionization  ascribed  to  cosmic  rays.  The  other  curve 
shows  the  logarithms  of  the  ordinates  of  the  curve  /;  the  latter  being 
exponential,  the  former  is  straight;  it  is  the  close  fit  of  this  line  to  the 
circles  along  its  path  (the  logarithms  of  the  data)  that  for  the  eye  is 
the  most  striking  evidence  for  Regener's  procedure. 
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Now,  of  the  three  known  kinds  of  rays  from  radioactive  substances, 
one  only  is  characterized  by  an  exponential  decline  of  its  strength 
with  increase  of  thickness  of  matter  traversed:  to  wit,  the  gamma-rays. 
Regener  was  therefore  assuming,  as  had  many  others  before  him,  that 
cosmic  rays  which  have  penetrated  many  metres  of  ivater  behave  like  a 
beam  of  monochromatic  gamma-radiation,  corpuscles  of  light  of  a  single 
frequency  and  energy,  coming  vertically  from  above.  The  value  of  ju — 
.00018  in  this  case  •'' — is  many  times  smaller  than  that  of  any  known 
variety  of  gamma-rays;  this  is  expressed  by  saying  that  the  cosmic 
rays  are  considerably  more  penetrating  or  "harder"  than  the  hardest 
of  gamma-rays. 

While  the  expression  {A  +  Be"'"'')  fits  tolerably  the  five  experimental 
points  at  the  five  greatest  depths,  it  misses  the  two  others,  giving  for 
32.4  and  78.6  metres  lower  values  of  ionization  than  those  observed. 
One  might  add  a  second  exponential  term  with  a  difi'erent,  much  larger 
value  of  m;  thus  in  effect  assuming  that  the  cosmic  rays  behave  like  a 
mixture  of  gamma-rays  of  two  different  wave-lengths,  corpuscle- 
energies  and  hardnesses.  This  in  fact  is  the  custom,  though  Regener 
did  not  do  it  in  the  paper  whence  I  am  quoting,  being  interested  mainly 
in  the  far  end  of  the  curve — in  the  range  of  depths  at  which,  as  is 
commonly  said,  all  but  the  hardest  component  of  the  cosmic  rays  have  al- 
ready been  filtered  out.  For,  if  a  function  of  x  is  the  sum  of  a  number  of 
terms  of  the  form  Bie"'"''',  with  differing  values  of  the  constants  ^u,: 
then  as  x  is  increased  the  various  terms  fall  off,  but  in  such  a  way  that 
eventually  the  one  with  the  lowest  jj.  predominates  more  and  more  over 
all  the  rest,  however  small  may  be  its  coefficient  B.  This  is  "filtering," 
a  process  of  great  use  in  the  science  and  practice  of  radioactivity; 
many  of  the  radioactive  elements,  or  of  the  mixtures  thereof  which  are 
common,  send  out  gamma-rays  of  various  degrees  of  penetrating- 
power,  among  which  the  hardest  may  be  almost  isolated  from  the  rest 
(at  the  price,  of  course,  of  a  great  cutting-down  of  its  own  intensity) 
by  a  thick  screen  of  absorbing  matter.  Even  if  the  screen  is  not  thick 
enough  to  make  the  hardest  component  predominant,  it  may  alter 
greatly  the  relative  proportions  of  harder  components  and  softer.  The 
rays  responsible  for  the  1.5  ions  at  sea-level,  if  of  the  nature  of  gamma- 
rays,  must  have  undergone  a  good  deal  of  this  alteration  and  "hard- 
ening" in  passing  through  the  atmosphere;  not  nearly  so  much,  how- 
ever, as  those  deep  down  in  Lake  Constance,  the  whole  of  the  atmos- 
phere being  no  more  powerful  an  absorber  than  a  layer  of  ten  metres 
of  water. 

We  turn  now  to  the  great  series  of  experiments  made  by  Millikan 

'Expressed  in  cm."';  in  (metres)"',  Millikan's  customary  unit,  it  would  be  .018. 


CONTEMPORARY  ADVANCES  IN  PHYSICS 


161 


and  his  school.  F'ig.  4  embodies  the  data  of  three,  in  each  of  vvhicli 
an  air-chamber  was  lowered  into  a  high-lying  snow-fed  '^  lake  (Millikan's 
reasons  for  choosing  such  I  have  already  stated).     Crosses  stand  for 
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Fig.  4 — Ionization  ascribed  to  cosmic  rays  as  function  of  depth  beneath  top  of 
atmosphere  (early  curve  of  Millikan  and  Cameron). 

data  obtained  in  Arrowhead  Lake,  California  (altitude  1550  metres) ; 
circles  correspond  to  Muir  Lake,  California  (3580  metres);  the  dots  to 
which  arrows  point  are  the  reward  of  a  long  hard  journey,  for  they 
show  data  from  a  lake — Miguilla — no  less  than  4570  metres  above  the 
sea,  in  the  Bolivian  Andes.  All  of  the  measurements  here  plotted  were 
taken  at  depths  of  a  metre  or  more  below  the  water  surface,  but  none 
so  great  as  Regener's — five  metres  was  the  maximum  depth  at  Miguilla, 
fifteen  at  Arrowhead  and  twenty  at  Muir.'' 

The  points  of  the  three  sets  lie  close  to  a  single  smooth  curve.  Each 
of  the  three,  however,  has  been  shifted  horizontally,  to  make  allowance 
for  the  different  depths  of  air  overlying  the  three  lakes:  it  has  been 
assumed  that  the  air  over  Miguilla  is  the  equivalent  of  5.95  metres  of 
water,  over  Muir  to  6.75  and  over  Arrowhead  to  8.6  metres.  To 
figure  out  the  equivalents  it  is  necessary  to  know  the  distribution-in- 
height  of  the  air  (Millikan  got  it  from  the  Smithsonian  Institution 

■•  Regener  of  course  admits  that  Lake  Constance  is  not  of  this  character,  but  by 
later  experiments  (briefly  mentioned  in  his  note  in  the  Physikalische  Zeitschrift)  he 
found  that  radioactivity  of  its  water  was  not  distorting  his  results. 

'  Data  were  obtained  at  lesser  depths  than  a  metre,  but  the  values  of  ionization 
are  higher  than  would  be  inferred  by  prolonging  the  curve  which  is  valid  for  greater 
depths.  This  recalls  a  feature  of  Regener's  data,  but  here  the  excess  is  ascribed  by 
Millikan  not  to  soft  cosmic  rays,  but  to  the  radio-activity  of  the  overlying  air  and  the 
nearby  mountains.  Of  the  points  plotted  in  Fig.  4,  the  "two  which  fall  farthest 
from  the  curve  correspond  to  single  readings,  and  hence  should  be  given  little  weight 
in  comparison  with  points  which  represent  the  means  of  three  or  four  readings" 
(Millikan  &  Cameron), 


162 


BELL   SYSTEM   TECHNICAL   JOURNAL 


tables)  and  the  ratio  of  the  absorbing-power  of  air  of  given  density  and 
the  absorbing-power  of  water  for  the  cosmic  rays.  This  last  not  being 
known  a  priori,  it  is  the  custom  to  take  the  inverse  ratio  of  the  densities 
of  the  media  (page  152) — another  instance  of  assuming  that  cosmic 
rays  are  of  the  nature  of  gamma-rays.  The  assumption  is  strength- 
ened by  the  success  of  the  thus-made  allowance  in  bringing  all  the 
points  upon  a  single  curve. 

The  data  of  Fig.  4  were  obtained  in  1925  and  1926;  those  of  the 
following  Fig.  5,  in  1927.     New  readings  were  made  in  the  waters  of 
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Fig-   5 — •Ionization  ascribed  to  cosmic  rays  as  function  of  depth  beneath   top  of 
atmosphere  (later  curve  of  MiUikan  and  Cameron). 


Arrowhead  Lake  and  in  another  not  previously  used,  Gem  Lake,  2,760 
metres  up  in  the  high  Sierras;  into  this  last  the  ionization-chamber  was 
lowered  to  a  depth  as  great  as  sixty  metres.  The  data  for  the  two 
localities  were  altered  to  make  allowance  in  the  foregoing  way  for  the 
different  heights  of  air  overlying  the  two  lakes,  and  the  values  so  ob- 
tained were  plotted  against  "depth  in  metres-of-water  beneath  top  of 
atmosphere."  Evidently  the  data  fit  better  to  the  curve  than  in  the 
prior  work:  this  Millikan  and  Cameron  ascribe  to  improvements  in 
the  new  ionization-chamber  or  "electroscope"  (outwardly  like  that  in 
Fig.  6)  into  which  air  was  compressed  to  a  pressure  of  eight  atmospheres 
instead  of  one,  as  previously.  Incidentally,  in  Fig.  5  the  Restgang 
appears  under  the  title  "zero  of  the  electroscope." 
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The  observations  had  thus  been  extended  over  the  range,  of  metres- 
of-water  beneath  the  "top  of  the  atmosphere,"  from  8.45  to  69. 
During  the  three  following  years  Millikan  and  Cameron  made  yet 
another  and  more-closely-spaced  aggregate  of  readings,  over  the  same 
range  with  slight  extensions  at  both  ends,  in  the  same  two  lakes,  with 


Fig.   6 — Electroscope  used  in  later  under-water  measurements  of  cosmic  rays  by 

Millikan  and  Cameron. 

an  electroscope  (Fig.  6)  into  the  1622  cubic  centimetres  of  whose 
volume  air  was  forced  to  a  pressure  of  30  atmospheres.  The  reader 
can  find  the  new  curve  in  the  issue  of  the  Physical  Review  for  February 
1931;  it  is  the  one  from  which  the  next-cited  deductions  are  drawn; 
but  as  it  does  not  differ  markedly  from  its  two  predecessors,  and  is 
much  more  trying  to  the  eyes  than  these,  I  do  not  reproduce  it  here. 
(In  studying  it,  or  the  curve  here  pictured  as  Fig.  5,  one  must  remem- 
ber that  the  ordinate  is  proportional  to  the  number  of  ions  appearing 
per  second  per  cubic  centimetre,  not  of  the  atmosphere  at  the  level  in 
question,  but  of  air  of  a  standard  density.) 

Is  the  whole  of  the  curve,  abstraction  being  made  of  the  Restgang, 
an  exponential  curve  such  as  would  be  found  if  the  cosmic  rays  were  a 
beam  of  gamma-rays  of  a  single  frequency  descending  vertically  from 
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above?  The  answer  presumably  is  710.  Millikan  and  Cameron,  how- 
ever, asked  a  slightly  different  question.  Imagine  that  the  cosmic 
rays,  instead  of  coming  altogether  vertically  from  above,  are  gamma- 
rays  traversing  interstellar  space  uniformly  in  all  directions,  incident 
therefore  upon  the  atmosphere  at  all  angles  between  zero  and  90° — - 
much  the  most  probable  assumption  if  they  do  proceed  from  interstellar 
space,  as  it  is  hard  to  think  of  any  possible  action  of  the  earth  which 
might  constrain  them  all  to  move  straight  toward  its  centre.  The 
ionization  at  any  depth  x  beneath  the  top  of  the  atmosphere  (continue 
to  think  of  x  as  measured  in  metres  of  w^ater)  would  then  be  due  to 
beams  coming  from  all  directions  above  the  horizon.  These  beams, 
having  traversed  different  thicknesses  of  air,  greater  the  more  they  are 
inclined  to  the  vertical,  would  have  been  absorbed  to  different  degrees; 
their  intensities,  originally  (by  hypothesis)  the  same,  would  be  reduced 
in  different  proportions.  It  can  readily  be  shown  that  the  total 
intensity  of  all  the  beams  should  then  vary,  not  as  e"""",  but  as  the 
following  function  of  x: 


h-^'^'dz,  (2) 


Ij.  standing  as  before  for  the  absorption-coefficient  of  any  cosmic-ray 
beam  coming  from  any  one  direction.''  Now  the  curves  of  Figs.  4  and 
5,  and  the  new  curve  of  1931,  do  not  conform  to  this  relation  either. 
It  is  consequently  not  possible  to  affirm  that  the  cosmic  rays  behave 
like  gamma-rays  of  a  single  wave-length. 

Does  the  final  extremity  of  the  Millikan  curve  conform  with  formula 
(2),  so  that  one  may  assume  that  after  a  certain  and  feasible  amount  of 
filtering,  the  radiation  is  almost  altogether  reduced  to  gamma-rays  of  a 
single  wave-length?  To  this  Millikan  and  Cameron  respond,  that  of 
the  curve  of  Fig.  5  the  portion  extending  from  abscissa  30  to  abscissa 
60  does  conform,  the  value  required  for  ju  being  .0005.  Of  the  curve  of 
1931  they  say,  that  from  40  to  80  metres-of- water  it  conforms,  if  for 
the  value  .00028  be  chosen. 

Recalling  Regener's  value  of  /x  (.00018)  for  depths  still  greater,  and 
joining  it  with  these,  one  is  led  to  wonder  whether  at  40  and  even  at 
80  metres  the  filtering  is  sensibly  incomplete,  and  whether  even  at  200 
metres  the  value  ascribed  to  ^  may  not  be  the  ultimate  "hardness"  of 
the  rays.  Further,  there  now  arises  the  great  question :  can  the  curve 
as  a  whole  be  regarded  as  the  sum  of  a  limited  number  of  terms  of  the 

6  See  R.  Hellmann,  Phys.  ZS.  30,  357-360  (1929);  E.  Gold.  Proc.  Roy.  Soc.  A  82, 
43-70  (1909).  Regener  used  formula  (1)  instead  of  formula  (2)  for  interpretmg  his 
data. 
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type  appearing  in  equation  (2),  with  definite  and  distinctive  values  of 
M?  For  if  so,  we  may  affirm  that  formally  the  cosmic  rays  behave  like 
a  mixture  of  gamma-rays  having  definite  discrete  frequencies,  a  sort  of 
line-spectrum. 

This  is  an  extremely  delicate  question.  What  is  needed  is  a  method 
like  that  of  Fourier  analysis,  whereby  a  given  curve  may  be  resolved 
into  a  sum,  not  of  sines  and  cosines  as  result  from  the  Fourier  process, 
but  of  terms  of  the  type  of  the  right-hand  member  of  (2) ;  it  seems  that 
such  a  method  is  wanting.  Millikan  and  Cameron,  and  independently 
their  colleague  Bowen,  "built  up  .  .  .  our  observed  curve  out  of  four 
components — no  smaller  number  would  do — and  in  such  a  way  that 
the  synthetic  and  the  observed  curve  [that  of  1931]  fitted  exceedingly 
nicely  from  one  to  the  other."  These  four  components  have  the 
values  .0080,  .0020,  .0010,  .0003  of  the  coefficient  m;  and  their  relative 
intensities,  as  inferred  to  exist  at  the  confines  of  the  atmosphere  before 
the  filtering  commences,  stand  in  the  ratios  141000  :  130  :  80  :  ZZ. 
It  is  evident  that  the  portion  of  the  radiation  which  survives  at  great 
depths  of  water,  and  for  which  the  values  of  ix  are  extremely  low,  is  a 
very  small  part  of  all  that  is  to  be  found  in  the  upper  air.  Yet  even 
the  highest  of  the  values  of  ^  here  cited  is  much  lower  than  the  coeffi- 
cient of  absorption  for  the  hardest  known  gamma-rays  from  radioactive 
substances.'^ 

It  would  be  deplorable  to  leave  unmentioned  some  very  romantic 
experiments  in  which  the  electroscope,  with  or  without  the  observer, 
ascended  by  the  aid  of  a  balloon  to  heights  of  air  hitherto  unattained. 
Balloon-ascents  were  begun  by  German  physicists  (Gockel,  Bergwitz, 
Hess,  Kolhorster)  in  the  five  years  before  the  war.  Before,  it  had 
been  maintained  that  the  ionization  of  the  air  is  due  altogether  to 
radioactive  substances  in  the  ground.  The  earliest  balloon-flights 
impaired  this  argument,  by  proving  that  the  amount  of  the  ionization 
does  not  diminish  rapidly  as  the  observer  flies  upward ;  the  later  ones 
destroyed  it,  by  proving  that  above  a  certain  level  (variously  stated, 
and  depending  no  doubt  on  the  thickness  of  the  walls  of  the  chamber) 
the  ionization  rises  with  increase  of  height.  I  will  however  speak 
chiefly  of  more  recent  flights,  those  of  Alillikan's  apparatus  and  that 
of  Piccard. 

The  electroscope  of  Millikan  and  Bowen  was  borne  aloft  above  the 
plains  of  Te.xas  by  a  pair  of  balloons,  one  of  which  eventually  burst  and 
left  the  other  to  serve  as  a  parachute  in  lowering  its  burden  gently 

J  Though  not  higher  than  that  of  the  gamma-rays  excited  by  Bothe  and  Becker 
when  bombarding  beryllium  with  alpha-particles,  as  I  learn  from  a  letter  of  Professor 
Bothe. 
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back  to  earth.  In  two  experiments  the  electroscope  chmbed  to 
heights  of  11.2  and  15.5  kilometres,  heights  to  which  it  seemed  (until 
last  year)  that  no  man  could  possibly  ascend  and  live.  The  apparatus 
(there  were  four  of  them)  had  to  make  its  own  records  and  bring  them 
back;  it  was  a  masterpiece  of  ruggedness  and  compactness  jointly, 
as  one  sees  in  Fig.  7,  on  the  left  of  which  it  appears  assembled  (with  a 


Fig.  7 — Electroscope  used  in  high-altitude  measurements  of  cosmic  rays  by  Millikan 
and  Bowen  (photographs  somewhat  retouched). 

six-inch  rule  beside  it  to  show  its  scale),  on  the  right  resolved  into 
disjecta  membra.  The  symbol  B  marks  a  manometer  in  the  form  of  a 
U-tube  with  one  arm  closed,  containing  liquid;  the  symbol  T,  a 
thermometer  in  the  form  of  a  coil  of  metal  with  a  pointer  at  its  end. 
The  light  of  the  sky  imprinted  images  of  the  meniscus  of  the  barometer- 
liquid  and  the  pointer  of  the  thermometer-coil  upon  a  moving  film, 
kept  in  motion  by  the  watch  of  which  the  mechanism  is  marked  by  W. 
Inside  the  cylinder  AT  (so  at  least  I  read  the  text)  were  the  two  fibres 
of  the  electroscope  already  shown  as  Fig.  1,  and  they  also  were  con- 
tinually photographed  by  the  light  of  the  sky  upon  another  film  which 
the  same  watch  kept  in  motion. 

When  one  of  these  devices  had  ascended  to  15.5  kilometres  (nearly 
ten  miles)  and  returned  to  earth  eighty  miles  away  from  its  starting- 
point,  and  had  been  picked  up  (by  some  casual  wanderer,  one  infers) 
and  returned  to  its  authors,  the  films  bearing  the  records  of  tem- 
perature and  fibre-divergence  looked  as  they  do  in  Fig.  8.  To  deter- 
mine the  extent  of  the  ionization  at  great  heights  without  being  de- 
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ceived  by  the  influence  of  temperature  on  the  fibres,  MilHkan  and 
Bowen  compared  the  divergence  of  these  when  the  balloon  had 
reached  a  certain  height  (it  was  five  kilometres)  on  the  upward  way, 
with  their  divergence  as  the  apparatus  passed  the  same  level  in  de- 
scending.    During  the  time  while  it  was  above  this  level,  the  fibres  of 


Fig.  8 — Records  obtained  by  automatic  registration  at  high  altitudes  by  Millikan 
and  Bowen  (somewhat  retouched). 

the  electroscope  lost  three  times  the  charge  that  would  have  leaked 
away,  if  the  instrument  had  been  left  on  the  ground.  This  again  is 
proof  that  the  cosmic  rays  are  stronger  in  the  upper  air  than  in  the 
lower. 

As  I  remarked  above,  until  last  year  it  had  been  deemed  beyond  the 
powers  of  living  man  to  soar  to  heights  so  great  as  fifteen  kilometres. 
This  opinion  was  confuted  by  the  superbly  audacious  flight  of  the 
Belgian  physicist  Piccard,  which  everyone  will  remember  who  reads 
the  papers,  though  other  things  than  cosmic  rays  were  stressed  in  their 
accounts.  Piccard  seemingly  has  not  yet  published  a  full  nor  any 
extensive  story  of  his  measurements  on  cosmic  rays,  not  at  any  rate 
in  the  physical  journals;  but  in  the  bulletin  of  the  French  Physical 
Society  I  find  an  item  in  which  he  states  as  provisional  result — awaiting 
further  calibration  of  his  instruments — that  the  ionization  at  a  height 
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of  sixteen  kilometres,  in  air  at  standard  pressure,  is  of  the  order  of 
200  ions  per  cc.  per  second!  This  is  considerably  greater  than  the 
modest  value  of  1.5  prevailing  at  the  level  of  the  ground. 

I  must  make  at  least  a  passing  allusion  to  the  fluctuations  of  the 
intensity  of  the  cosmic  rays — fluctuations  which  are  smoothed  over 
by  some  of  the  experiments  and  missed  by  others,  for  they  are  too 
small  to  be  certainly  detected  by  measurements  of  low  precision,  and 
many  are  too  rapid  to  be  noticed  by  measurements  on  the  amount  of 
discharge  of  an  electroscope  over  a  period  so  long  as  one  or  two  hours. 
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Fig.  9 — Fluctuations  of  cosmic-ray  intensity  and  attendant  fluctuations  of  barometric 
pressure  and  temperature  (Hoffmann). 
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Fig.  10 — Fluctuations  of  cosmic-ray  intensity  observed  at  high  altitude  in  the  Alps 

(von  Salis). 


Figs.  9  and  10  display  examples  of  these:  to  appreciate  the  ratio  of 
their  average  amount  to  the  mean  value  of  the  ionization,  one  must 
take  note  of  the  scale  of  ordinates  on  the  left.  The  former  is  especially 
instructive,  for  both  the  uppermost  and  the  lowermost  of  the  curves 
display  the  ionization  of  the  air  near  the  ground  (in  a  basement  at 
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Halle)  measured  at  short  intervals  over  the  length  of  a  week;  the 
difference  is,  that  the  lowest  shows  the  effect  inside  armor  of  lead  ten 
cm.  thick,  while  in  getting  the  data  for  the  topmost  the  plates  of  lead 
were  removed  from  above  the  apparatus,  though  left  in  place  at  the 
sides  and  below.  The  lower  curve  thus  represents  the  action  of  hard 
cosmic  rays:  one  sees  that  it  rises  as  the  barometric  pressure  falls, 
falls  as  the  latter  rises — the  heavier  the  blanket  of  air  between  Halle  and 
the  sky,  the  more  these  hard  rays  are  reduced  on  their  way  to  the 
ground.  The  upper  shows  the  joint  action  of  the  hard  cosmic  rays,  of 
others  which  are  softer,  and  of  soft  rays  from  radioactive  substances  in 
the  air:  one  sees  how  violently  it  fluctuates,  supposedly  (in  Hoffmann's 
view)  because  the  radioactive  atoms  wandering  in  the  air  change 
greatly  in  number  as  the  weather  changes.  Figure  10  shows  values  of 
ionization  obtained  high  up  (3500  metres)  in  the  Alps,  on  various 
August  and  September  days  of  1927,  plotted  against  sidereal  time;  the 
zigzag  lines  connect  observations  made  on  two  particular  days. 
Corlin  is  said  to  have  inferred,  from  a  statistical  study  of  data  obtained 
in  northern  Sweden,  that  the  ionization  ascribed  to  cosmic  rays 
decreases  gradually  and  slowly  before  a  magnetic  storm,  leaps  suddenly 
to  a  high  value  at  the  onset  of  the  storm,  then  decreases  again. ^ 

There  is  a  related  question  which  has  been  much  debated :  does  the 
intensity  of  the  cosmic  rays  vary  as  different  celestial  objects  pass 
overhead,  the  sun  for  instance,  or  the  Milky  Way?  As  the  years  go 
on,  the  answer  to  this  question  becomes  steadily  more  and  more 
strongly  in  the  negative.  The  opposite  opinion  has  been  held  largely 
by  German  physicists ;  but  a  year  ago  one  of  them  (Hess)  reduced  the 
proportion  of  the  cosmic  rays  which  he  considers  dependent  on  the 
sun,  to  half  of  one  per  cent  of  the  total  amount. 

Certain  perplexing  data  must  be  mentioned  before  we  go  on  to  the 
work  which  is  done  with  other  instruments  than  the  ionization- 
chamber,  for  they  impeach  the  reliability  of  this  device.  From  many 
experiments  of  the  pupils  of  Swann,  it  appears  definitely  established 
that  if  the  quantity  of  air  in  an  ionization-chamber  is  increased,  the 
number  of  ions  appearing  in  that  chamber  in  unit  time  increases  in  a 
lesser  ratio,  and  in  fact  approaches  (and  in  some  practical  cases,  even 
attains)  a  limiting  value  (Fig.  11).  At  first  this  seems  natural  enough: 
the  limiting  value  should  be  attained  when  the  air  is  so  dense,  that  the 
ionizing  rays  are  entirely  absorbed  before  they  have  completely  crossed 
the  chamber.  But,  appreciable  fractions  of  these  ionizing  rays  are 
able  to  penetrate  many  metres  of  water,  many  centimetres  of  lead :  it 
is  pretty  nearly  a  formal  contradiction-in-terms,  to  assert  that  they 

8  See  \V.  M.  H.  Schulze,  Nature  128,  837-838  (14  Nov.,  1931). 
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can  be  fully  absorbed  in  air  of  the  density  and  thickness  involved  in 
these  experiments.  It  seems  necessary  to  suppose  that  as  the  pressure 
is  increased,  an  ever-rising  fraction  of  the  total  number  of  generated 
ions  fails  to  make  its  way  to  the  electrodes,  positive  ions  and  negative 
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Fig.  11 — Curves  of  ionization  versus  quantity  of  contained  air  in  ionization-chamber 

(Broxon). 

recombining  with  one  another.^  If  so,  there  is  reason  to  fear  that  the 
readings  of  a  high-pressure  ionization-chamber  are  affected  by  its 
temperature — a  possible  cause  of  spurious  fluctuations. 

I  turn  now  to  the  other  ways  of  experimentation:  there  are  two  of 
them,  both  furnishing  data  more  striking  and  spectacular  than  those  of 
electroscopes.  They  exhibit  the  immediate  cause  of  the  mysterious 
ionization,  and  open  the  question  of  its  ultimate  cause.  We  must  now 
take  up  this  question:  is  the  ultimate  cause  to  be  compared  with 
electromagnetic  waves  or  gamma-rays  descending  from  above,  as 
in  this  article  I  have  thus  far  let  be  assumed?  or,  is  it  a  rain  of  fast- 
flying  material  particles  such  as  electrons  or  protons?  or  a  mixture  of 
the  two  classes  of  radiation?  or  has  it  properties  unlike  those  of  any 
radiation  so  far  known? 

(This  question  is  often  put  in  the  words:  are  the  cosmic  rays  wavelike 
or  corpuscular?  I  think  that  this  phrasing  is  very  much  to  be  con- 
demned, gamma-rays  as  well  as  material  particles  being  at  one  and  the 
same  time  both  wavelike  and  corpuscular.  However  the  reader  should 
know  that  in  current  usage  "corpuscular"  signifies  "composed  of 
particles  of  electricity  or  matter,  instead  of  photons.") 

'This  theory,  almost  simullaneousiy  published  from  Millikan's  school  and  from 
A.  H.  Compton's,  is  at  present  under  test. 
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The  question  is  much  more  difficult  to  answer  than  it  seems:  for 
even  if  the  cosmic  rays  are  of  the  nature  of  gamma-rays,  the  effect  ivhich 
they  produce  in  ionization-chamhers  {and  in  the  kinds  of  apparatus  yet  to 
be  described)  is  almost  entirely  due  to  fast  electrons. 

Consider  a  beam  of  X-rays  (of  the  same  nature  as  gamma-rays  but 
softer)  projected  into  a  gas.  It  is  known  by  experiment  that  they 
free  electrons  from  atoms  in  two  distinct  ways :  some  of  the  corpuscles  or 
photons  are  entirely  absorbed  in  atoms,  and  tightly-bound  electrons 
are  ejected  (photoelectric  effect) ;  some  on  the  other  hand  make  elastic 
impacts  against  loosely-bound  electrons,  communicating  a  part  of 
their  energy  to  these  and  retaining  a  part  (Compton  effect).  As  the 
frequency  of  the  X-rays  is  increased,  the  former  effect  becomes  less 
usual;  entering  into  the  range  of  gamma-ray  frequencies,  we  find  it 
fading  out;  it  is  reasonable  to  suppose  that  if  there  are  corpuscles  of 
light  of  frequency  even  higher  than  that  of  the  gamma-rays,  they  ionize 
only  by  Compton-effect  or  "Compton  scattering."  It  remains  of 
course  conceivable  that  such  corpuscles  may  ionize  in  ways  unknown 
at  lower  frequencies,  as  for  instance  by  shattering  the  nuclei  of  atoms 
into  fragments  some  of  which  are  fast-flying  electrons  or  protons. 

Now  though  these  impacts  are  properly  called  "elastic,"  their 
laws  are  peculiar,  owing  to  the  differences  between  corpuscles  of  light 
and  corpuscles  of  matter.^"  The  electron  acquires  some,  usually  a 
considerable  part,  of  the  energy  of  the  photon;  this  latter  (or  as  some 
would  prefer  to  say,  a  new  photon)  goes  off'  more  or  less  obliquely,  with 
lessened  energy  and  lessened  frequency.  Given  the  wave-length  of  the 
light,  the  laws  of  the  impact  determine  the  energy  acquired  by  the 
electron,  the  energy  retained  by  the  photon,  and  the  direction  of 
departure  of  the  photon,  as  functions  of  the  direction  in  which  the 
electron  is  projected.  If  we  know  the  distribution-in-direction  of  the 
projected  electrons,  we  can  determine  their  average  energy.  For 
electrons  ejected  by  X-rays  this  distribution  is  known.  But  if  the 
cosmic  rays  are  (or  include)  gamma-rays  whereof  the  absorption- 
coefficient  has  such  values  as  those  given  (e.g.)  by  Millikan  and  by 
Regener  for  /x,  they  are  much  harder  than  any  otherwise-known  gamma- 
rays  or  X-rays,  hence  presumably  of  much  lesser  wave-length.  Then, 
for  the  distribution-in-direction  of  the  electrons  which  they  eject,  we 
must  resort  to  an  untested  theory.  This  theory  indicates  that  a 
beam  of  short-wave  gamma-rays  proceeding  through  matter  should 
provide  for  itself  an  escort  of  electrons,  most  of  them  moving  in 
directions  inclined  at  very  small  angles  to  the  beam  itself,  and  many 

1"  See  for  instance  my  Introduction  to  Contemporary  Physics,  pp.  145-163,  or  the 
sixth  article  of  this  series. 
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of  them  starting  out  with  values  of  kinetic  energy  which  are  con- 
siderable fractions  of  the  energy  of  the  original  photon. ^^ 

It  is  this  escort  of  fast  electrons  which  should  be  the  immediate  cause 
of  the  ionization  due  to  the  short-wave  gamma-rays.  One  easily  sees 
how  this  result  is  destined  to  complicate  the  question  of  the  nature  of 
the  cosmic  rays.  If  it  can  be  proved  that  the  ionization  attributed  to 
these  is  caused  by  fast  electrons,  this  may  mean  that  the  electrons  are 
coming  into  the  lower  atmosphere  from  above,  in  which  case  most 
physicists  would  say  "the  cosmic  rays  are  fast  electrons."  On  the 
other  hand  it  may  mean  that  the  electrons  are  produced  in  the  lower 
atmosphere  by  photons  coming  from  above,  in  which  case  most 
physicists  would  say  "the  cosmic  rays  are  of  the  nature  of  gamma- 
rays."  Yet  in  both  cases  the  immediate  agent  would  be  the  same; 
the  term  "cosmic  ray  "  would  be  applied  in  the  one  case  to  it,  and  in  the 
other  to  the  ultimate  cause  of  the  immediate  agent.  This  fine  dis- 
tinction, partly  physical  and  partly  verbal,  is  the  source  of  a  lot  of 
confusion. 

Consider  now  the  evidence  about  the  nature  of  this  immediate  agent. 
About  three  years  ago  the  physicist  Skobelzyn  was  engaged  in  studying 
the  Compton  scattering  of  gamma-rays  from  a  certain  radioactive 
substance,  using  the  "expansion"  or  "cloud-chamber"  method.  By 
this  method  (it  has  often  been  described  elsewhere, i"  I  will  therefore 
omit  the  details)  the  ions  formed  in  a  glass-walled  container  of  gas 
are  in  effect  rendered  visible,  each  becoming  the  centre  of  a  droplet  of 
water,  which  appears  on  a  photograph  taken  when  the  gas  is  illumin- 
ated. If  during  the  experiment  the  chamber  is  traversed  by  a  fast 
electron,  its  path  is  marked  out  by  an  unmistakable  train  of  droplets. 
If  a  strong  magnetic  field  is  applied  to  the  gas  meanwhile,  the  trails 
of  the  fast  electrons  are  visibly  curved,  and  their  speeds  may  be  com- 
puted from  the  curvatures  and  the  field  strengths.  Skobelzyn  applied 
a  field  of  15000  gauss,  in  which  the  paths  of  the  electrons  liberated  from 
atoms  by  the  gamma-rays  were  curled  up  into  beautiful  spirals.  But 
on  examining  the  six  hundred  and  thirteen  photographs  which  he  took, 
he  found  twenty-five  trains  of  droplets  resembling  the  curled  ones 
due  to  the  electrons  of  known  cause,  but  not  perceptibly  curved  at  all! 
and  two  others  of  which  the  curvatures  were  perceptible,  but  so  slight 

"  See  for  instance  the  article  of  H.  Kulenkampff  {Phys.  ZS.  30,  561-567;  1929) 
where  he  plots  distribution-curves  deduced  by  the  quantum-mechanical  theory  of 
Klein  and  Nishina  for  electrons  ejected  by  light  of  wave-lengths  2.4- 10"^^  ^nd 
24-10"".  He  also  considers  the  influence  of  the  photons  in  continuing  to  eject 
new  electrons  after  their  first,  second  and  later  impacts;  it  appears  that  one  photon 
is  likely  to  start  off  several  electrons  at  various  points  of  the  beam,  instead  of  disap- 
pearing (so  far  as  ionizing-power  is  concerned)  after  its  first  impact. 

1- As  for  instance  in  my  Introduction,  pp.  45-46,  or  the  first  article  of  this  series. 
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that  out  of  them  he  estimated  the  enormous  values  of  7  and  15  niilHons 
of  equivalent  volts  for  the  energy  of  the  two  particles.  As  for  those 
of  which  the  tracks  were  not  sensibly  curved  by  the  field,  the  enerj^^y 
of  some  at  least  (assuming  them  to  be  electrons!)  must  have  exceeded 
15.10^  equivalent  volts.  (Of  the  rest,  the  paths  were  so  unfavorably 
placed  that  absence  of  sensible  curvature  might  have  been  compatible 
with  energy- values  as  low  as,  but  no  lower  than,  3.10^.) 

This  method  has  also  been  adopted  by  Millikan's  collaborator, 
C.  D.  Anderson,  who  has  a  magnetic  field  of  great  extent,  pervading 
a  large  expansion-chamber  so  oriented  that  particles  coming  along 
or  near  the  vertical  (we  shall  see  evidence  that  near  sea-level,  the 
particles  do  favor  that  direction)  are  subjected  over  a  long  distance  to 
its  deflecting  power,  and  electrons  with  energy  values  amounting  to 
scores  of  millions  of  equivalent  volts  are  sensibly  deflectible.  On  some 
of  his  plates  there  are  trails  curved  in  the  right  sense  for  electrons  com- 
ing downward  from  above,  with  energy  amounting  to  70  millions.  On 
some  there  are  trails  curved  in  the  opposite  sense;  if  they  were  made  by 
electrons,  these  must  have  been  travelling  from  the  earth  upwards; 
if  they  were  made  by  descending  particles,  as  seems  more  plausible, 
these  must  have  been  positively-charged.  On  one  there  appear  three 
paths,  two  apparently  springing  from  a  common  origin  near  the  wall 
of  the  chamber;  one  is  curved  in  the  proper  sense  for  an  electron,  one 
in  the  opposite  sense — if  it  is  the  track  of  a  proton,  this  must  have  had 
energy  of  120  millions — the  third  is  sensibly  straight. ^^  Skobelzyn  too 
had  got  plates  on  which  two  or  three  tracks  appeared,  coming  probably 
from  a  common  point  of  departure. 

It  appears  from  these  pictures  that  the  immediate  agents  of  the 
ionization  ascribed  to  "cosmic  rays"  are  able  to  produce  long  trains 
of  ions  closely  crowded  together  (the  number  of  ions  per  centimetre  is 
probably  of  the  order  of  one  hundred)  "  which  is  so  far  as  our  experience 
runs,  a  distinctive  feature  of  electrified  material  particles  such  as 
electrons  and  protons;  that  some  are  deflected  in  practicable  magnetic 
fields;  that  from  the  deflections  it  probably  follows  that  the  charge  is 
sometimes  negative  and  sometimes  positive  (the  uncertainty  being  due 
to  the  fact  that  from  the  curvature  one  cannot  tell  the  sign  of  the 
charge  unless  one  knows  in  which  sense  the  particle  is  going  along  the 
path) ;  that  the  ones  which  are  known  to  be  charged  have  enormous 

'^  I  am  much  indebted  to  Dr.  Millikan  for  showing  and  interpreting  these  plates  to 
me.  They  have  been  shown  in  scientific  meetings  and  mentioned  in  the  press;  the 
pubUcation  of  the  pictures  and  the  work  in  the  scientific  journals  will  be  eagerly 
awaited. 

'■*  The  values  most  highly  esteemed  are  obtained  not  by  counting  droplets,  but  by 
using  the  third  method  to  determine  the  number  of  ionizing  particles,  the  first  to 
determine  the  total  ionization;  Kolhorster  and  Tuwim  give  135  zb  10%. 
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energies,  the  others  (those  of  which  the  paths  are  uncurved)  either  have 
yet  more  enormous  energies  or  else  are  neutral.  These  facts  make  it 
impossible  to  suppose  that  photons  are  the  immediate  agents.  Before 
continuing  with  the  deductions  we  will  consider  the  third  method. 

The  third  method  of  studying  cosmic  rays  involves  the  use  of  a 
"Geiger  counter"  or  some  modification  thereof- — a  metal-walled  gas- 
filled  tube  with  a  needle  or  (more  commonly)  a  wire  mounted  inside  it 
and  insulated  from  the  wall,  which  is  connected  to  one  pole  of  a  battery, 
the  needle  or  wire  to  the  other.  If  the  tube  is  properly  designed  and 
treated,  the  E.M.F.  of  the  battery  properly  chosen  (this  seems  to  re- 
quire a  lot  of  experience)  the  passage  of  an  ionizing  particle  across  the 
gas  between  needle  and  wall  is  likely  to  evoke  a  sudden  and  violent  and 
very  short-lived  current-flow.  If  a  telephone-receiver  is  in  the  circuit, 
there  is  an  audible  click;  if  a  galvanometer  or  electrometer  is  used  with 
an  optical  device  for  recording  its  deflections  upon  a  moving  film,  there 
will  be  a  photographic  trace  of  the  discharge. 

In  experiments  on  cosmic  rays  with  this  device,  it  is  the  custom  to 
employ  a  pair  of  counting-tubes  (or  even  three)  and  to  accept  as  valid 
data  only  the  discharges  which  occur  in  either  simultaneously  with 


Fig.   12 — Apparatus  of  Bothe  and   Kolhorster  for  counting  ionizing  particles  and 
estimating  the  absorption  thereof  in  metals. 

discharges  in  the  other.  I  illustrate  the  method  by  a  sketch  from  the 
work  of  Bothe  and  Kolhorster  (Fig.  12)  in  which  on  the  right  one  sees 
the  two  counters  in  longitudinal  section,  on  the  left  one  sees  them  in 
cross-section  as  they  lie  within  their  heavy  armoring  of  metal. 
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"Coincidences" — which  is  to  say,  pairs  of  discharges  occurring  so 
close  in  time  to  one  another  that  they  seem  to  be  simultaneous,  that  is, 
within  an  interval  which  with  good  apparatus  may  be  a  hundredth  or 
even  a  thousandth  of  a  second — are  much  more  frecjuent  than  they 
would  be,  if  they  were  due  only  to  chance.  Some  of  course  are  due  to 
chance:  these  are  the  "spurious"  or  "casual"  or  "accidental"  coinci- 
dences, of  which  the  number  must  be  estimated  and  subtracted  from 
the  number  observed. ^^  After  this  is  done,  one  is  pretty  safe  in 
assuming  that  the  remainder  is  a  measure  of  the  number  of  ionizing 
particles  which  have  darted  through  both  of  the  counters.  By  this 
drastic  procedure,  of  course,  the  observer  limits  himself  to  the  study  of 
those  corpuscles  which  happen  to  be  moving  along  paths  which 
intersect  both  of  the  chambers.  There  will  also  be  corpuscles  of  which 
the  paths  traverse  one  of  the  counters,  but  not  the  two;  it  seems  as 
though  the  observer  were  throwing  away  his  opportunity  of  studying 
these,  by  rejecting  the  non-coincident  discharges;  but  some  of  the 
discharges  in  either  tube  are  probably  due  to  radioactive  substances  in 
its  walls,  or  to  unknown  causes  inherent  in  the  tube  and  not  connected 
with  cosmic  rays;  and  by  accepting  only  the  coincidences,  one  guards 
to  a  great  extent  against  being  misled  by  these.  Moreover,  by  varying 
the  relative  position  of  the  counters — for  instance,  by  putting  one  of 
them  first  above  and  then  beside  the  other — one  may  study  the 
distribution-in-direction  of  the  ionizing  particles.  Such  studies  have 
not  yet  been  plentiful;  but  it  has  been  found  that  if  the  counters  are 
placed  one  above  the  other,  the  coincidences  are  several  times  more 
numerous  than  if  they  are  placed  side  by  side. 

We  have  just  been  considering  the  effect  of  magnetic  field  on  the 
tracks  of  the  corpuscles  ascribed  to  cosmic  rays,  observed  by  the  cloud- 
chamber  method:  it  is  suitable  now  to  review  what  the  counting-tubes 

15  Suppose  that  there  are  xVi  discharges  per  unit  time  in  one  of  a  pair  of  counters, 
A^2  per  unit  time  in  the  other;  and  that  if  a  discharge  in  either  starts  within  a  time  T 
after  the  starting  of  a  discharge  in  the  other,  the  records  of  the  two  (whatever  be 
the  way  of  recording  them)  make  them  appear  simultaneous.  Then  in  unit  time,  the 
periods  during  which  any  discharge  occurring  in  the  first  counter  is  not  separately 
recorded  add  up  altogether  to  an  amount  IN^T.  This  is  the  fraction  of  time,  dis- 
charges occurring  during  which  are  recorded  as  coincidences.  If  the  events  in  the  two 
counters  are  entirely  uncorrected,  then  out  of  A^i  discharges  occurring  per  unit  time  in 
the  first,  Ni{2N2T)  or  INiN^T  (on  the  average)  will  coincide  with  discharges  in  the 
second.  If  the  discharges  of  each  counter  are  recorded  as  peaks  on  tracings  of 
separate  films,  one  may  determine  A^  and  Nn  from  the  films,  set  for  T  the  greatest 
time-difference  which  cannot  surely  be  distinguished  from  zero  and  subtract  INiN^T 
from  the  total  number  of  coincidences.  Or  the  number  of  accidental  coincidences, 
together  with  iVi  and  A^2,  may  be  observed  by  placing  the  counters  so  far  apart  that 
no  particle  can  traverse  the  two  of  them,  and  T  thence  computed.  Or  both  sets  of 
discharges  may  be  recorded  on  the  same  tracing  by  connecting  both  counters  to  the 
same  electrometer,  in  which  case  T  will  be  the  greatest  interval  for  which  two  peaks 
merge  apparently  into  one;  or  they  may  be  so  connected  that  no  record  whatever 
appears  unless  two  discharges  coincide. 
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have  to  say  about  that  question.  Of  the  three  physicists  who  have 
announced  experiments  upon  the  problem,  L.  AI.  Mott-Smith  has  given 
the  most  impressive  account.  There  are  three  tubes,  of  the  type 
exhibited  in  Fig.  12,  their  cylindrical  chambers  being  some  four 
cm.  wide.  Two  are  in  the  same  vertical  line,  30  cm.  apart;  the  third 
moves  to  and  fro  along  a  horizontal  line  which  intersects  that  vertical, 
35  cm.  below  the  lower  of  the  two  which  are  stationary.  Triple 
coincidences  are  counted;  they  are  most  frequent  when  all  three  of  the 
tubes  are  in  line,  as  one  would  expect;  when  the  movable  tube  is 
shifted  away  from  the  line,  the  number  declines,  the  curve  of  coinci- 
dences N  versus  displacement  x  having  "about  the  shape  which  is 
expected  from  the  geometry  of  the  arrangement,  assuming  rectilinear 
passage  of  the  ionizing  particles." 

There  is  another  object  in  the  vertical  line  beneath  the  lower  of  the 
stationary  tubes,  which  I  have  not  yet  mentioned:  it  is  a  piece  of  iron 
15  cm.  thick,  which  in  some  of  the  experiments  is  unmagnetized,  in 
some  is  magnetized  in  such  a  sense  that  charged  particles  which  have 
descended  vertically  through  the  upper  counters  must  be  deflected, 
while  remaining  in  that  vertical  plane  which  contains  the  horizontal  line 
along  which  the  movable  tube  is  being  shifted.  If  the  particles  are 
charged  and  of  a  single  speed,  the  curve  of  A^  versus  x  should  be  shifted 
along  the  axis  of  x;  if  they  are  electrons  of  energy  10^  (equivalent 
volts),  it  should  be  shifted  by  2.2  cm.,  and  should  be  easily  distin- 
guished from  the  curve  obtained  when  the  iron  was  demagnetized. 
Nevertheless,  the  two  curves  (or  rather  the  three,  for  the  iron  was 
magnetized  first  in  one  and  then  in  the  opposite  sense,  in  the  hope  of 
producing  opposite  deflections)  are  indistinguishable.  Mott-Smith 
considers  that  if  the  ionizing  particles  be  electrons,  their  energy  must 
be  not  less  than  2.10^ — a  lower  limit  which  may  be  halved,  if  they  be 
protons.  These  values  however  are  contingent  upon  an  assumption, 
which  I  will  mention  in  a  moment. 

The  others  who  have  entered  upon  this  problem  are  Curtiss  and 
Rossi.  Rossi's  first  apparatus  was  remarkably  like  that  which  I  have 
just  described,  independently  and  far  apart  though  he  and  Mott- 
Smith  were  working — the  one  in  Florence,  the  other  in  Texas.  Later 
he  modified  the  scheme,  having  two  counters  only,  and  a  pair  of  slabs 
of  iron  so  placed  that  when  they  are  magnetized  in  one  sense  charged 
particles  passing  through  the  upper  counter  and  thence  into  either  slab 
should  be  deflected  towards  the  lower  counter,  and  when  they  are 
magnetized  in  the  other  sense  the  charged  particles  should  be  deviated 
away  from  the  lower  counter.  Again  the  result  was  negative;  and, 
says  Rossi,  "the  corpuscular  rays  are  not  deflected  ...  to  such  a 
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great  extent,  as  electrons  or  protons  of  10  or  20  times  10^  equivalent 
volts  would  be." 

Unfortunately  this,  like  Mott-Smith's,  estimate  is  based  upon  a 
tentative  answer  to  a  question,  one  of  the  most  perplexing  in  physics, 
though  not  so  familiar  as  it  should  be  to  many  who  are  interested  in 
radiation,  ionization  of  gases,  and  such  phenomena:  it  is  the  ancient 
conundrum,  IMiat  is  the  strength  of  the  magnetic  field  inside  of  a  magnet- 
ized solid.''  ^^  j\Iott-Smith  and  Rossi  both  assume  that  the  said  field 
strength  is  equal  to  the  induction  B,  admitting  however  that  another 
assumption  might  be  made.  If  instead  one  were  to  put  it  equal  to  the 
"magnetizing  field"  //,  the  lower  limit  inferred  for  the  energy  of  the 
corpuscles  would  sink  to  a  value  so  small,  that  the  experiments  would 
scarcely  even  be  interesting.  Considering  this,  it  is  especially  im- 
portant to  recall  the  experiment  of  Curtiss  which  preceded  the  two 
others.  He  used  two  counters  only,  so  foregoing  the  advantage  of  the 
narrow  vertically-descending  beam  to  which  Mott-Smith  confined  his 
study;  but  between  them  he  placed,  not  the  iron  of  a  magnet,  but  the 
space  between  the  pole-pieces  thereof;  and  he  did  get  a  positive  result. 
The  fieldstrength  was  7000  gauss,  the  field  extended  over  24  cm.  of  the 
distance  between  the  counters;  vertically-descending  electrons  trav- 
ersing the  upper  counter  should  have  been  deflected  away  from  the 
lower,  had  their  energy  been  10^  or  less;  actually  "making  allowance 
for  accidental  coincidences,  a  decrease  of  the  order  of  25  per  cent  has 
been  observed." 

We  now  take  up  a  great  but  very  thorny  question :  what  do  counters 
testify  about  the  penetration  and  absorption  of  the  cosmic  rays  in  air, 
in  water,  and  in  metals? 

Counting-tubes  have  been  taken  to  great  heights  of  air  by  Piccard, 
lowered  to  great  depths  of  water  by  Regener.  Neither  has  published 
(so  far  as  I  know)  a  full  account  of  his  data;  but  Regener  implies  that 
the  curve  of  number-of-discharges-per-unit-time  (it  seems  that  one 
tube  alone  was  used)  versus  depth-of-water  agrees  in  shape  with  the 
curve  of  Fig.  3,  especially  in  respect  of  its  lowest  end  with  the  least 
value  of  tJL.  Bothe  and  Kolhorster  took  a  pair  of  counters  four  hundred 
metres  down  into  a  mine,  and  found — if  I  read  correctly — that  there 
were  no  coincidences  at  all,  apart  from  casual  ones;  a  valuable  result! 
The  most  striking  work  heretofore  published  was  done  in  another  way: 
by  putting  a  thick  piece  of  lead  (or  iron,  or  gold)  either  above  or 
between  a  pair  of  counters  set  up  in  the  same  vertical  line,  and  ascer- 
taining in  what  proportion  the  coincidences  are  cut  down. 

The  first  who  tried  this  out  were  Bothe  and  Kolhorster.     In  the 

1^  I  have  discussed  this  question  (without  professing  to  solve  it)  in  this  journal,  6, 
pp.  295-310  (1927).     Or,  see  any  textbook  of  magnetism. 
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particular  experiment  which  I  will  quote,  the  apparatus  of  Fig.  12 
was  set  up  under  a  skylight  on  the  top  floor  of  a  building  not  far  above 
sea-level  (the  Reichsanstalt  in  Charlottenburg)  without  the  upper  part 
of  the  metal  armor,  so  that  rays  coming  vertically  from  above  should 
reach  the  upper  counter  after  passing  through  the  atmosphere  and  a 
little  glass.  Between  the  upper  and  the  lower  counter,  a  block  of  gold 
4.1  cm.  thick  was  alternately  inserted  and  removed.  Over  a  period  of 
twelve  half -hours  with  the  gold-block  absent  there  were  19897  dis- 
charges in  the  upper  counter,  12209  in  the  lower,  986  coincidences;  over 
a  period  of  twelve  intercalated  half-hours  with  the  gold-block  pres- 
ent there  were  19814  discharges  in  the  upper  counter,  10562  in  the 
lower,  743  coincidences.  The  presence  of  the  gold  had  thus  reduced 
the  coincidences  by  24.6  per  cent;  this  the  authors  qualify  by  a 
considerable  statistical  uncertainty,  stating  it  as  (24.6  ±  4.2)  per 
cent. 

Rossi  did  the  like  experiment,  with  lead  and  roofing  over  the  upper 
counter,  equivalent  in  thickness  to  77  cm.  of  water;  in  place  of  the 
gold  he  used  a  slab  of  lead  9.7  cm.  thick;  it  reduced  the  number  of 
coincidences  by  sixteen  per  cent,  which  he  expresses  as  (16  ±  3)%. 
Only  a  week  or  so  before  I  add  these  words,  he  reported  yet  another. ^^ 
There  were  three  counters  in  a  vertical  line,  7  cm.  of  lead  and  6  cm. 
of  roofing  above  them,  25  cm.  of  lead  permanently  between  them; 
and  an  additional  thickness  of  no  less  than  seventy-six  cm.  of  lead, 
which  he  could  interpose  between  the  counting-tubes  (half  of  it  be- 
tween the  upper  two,  half  between  the  two  lower).  This  enormous 
absorbing  layer  cut  down  the  number  of  (triple)  coincidences  by  only 
some  forty  per  cent  (Rossi  writes  38.5  ±  5.1). 

Now,  the  coincidences  are  ascribed  to  ionizing  particles  such  as  those 
of  which  the  tracks  are  made  visible  by  the  cloud-chamber  method: 
particles  which  make  densely-crowded  trains  of  ion-pairs  along  their 
paths.  Let  us  forget  for  the  moment  about  high-frequency  photons, 
and  think  only  of  such  particles,  descending  almost  vertically  from  on 
high.  The  numbers  24  and  16  and  38,  quoted  above,  are  the  percent- 
ages of  these  which  are  stopped  by  plates  of  gold  and  lead,  of  the 
stated  thicknesses,  in  the  situations  stated.  Now  the  remarkable  and 
perplexing  point  about  these  numbers  is,  that  they  are  about  the  same 
as  the  percentage  declines  of  ionization  which  are  found,  by  Millikan 
and  Regener,  on  lowering  an  electroscope  through  the  equivalent  thick- 
nesses of  water!  ^^ 

'"  I  have  just  received  (February  1)  a  preprint  of  the  report  from  Dr.  Rossi;  it  is 
marked  NatHnvissenschaften  20,  65  (1932). 

^^  Bothe  and  Koihcirster,  and  Rossi,  elect  the  following  way  of  making  the  com- 
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At  first  glance  this  appears  a  simple  and  welcome  result.  Further 
study,  however,  dispels  the  pleasant  impression :  this  is  not  an  instance 
of  the  sort  of  observation  which  sometimes  comes  aptly  to  confirm  a 
simple  theory  and  smooth  the  path  for  further  progress;  it  is  instead 
a  warning  of  dangerous  complications.  In  introducing  the  curves  of 
Figs.  3  and  4  and  5,  I  followed  the  policy  of  speaking  of  them  as 
absorption-curves  for  rays  analogous  to  gamma-rays  descending  from 
above;  assuming  in  effect,  that  any  ordinate  of  such  a  curve  is  a  meas- 
ure of  the  strength  of  the  gamma-ray  beam  at  the  corresponding  level 
of  air  and  water.  But  if  such  rays  there  be,  they  ionize  not  directly, 
but  by  means  of  fast-flying  electrons  (or  perchance,  other  particles) 
which  they  expel  from  atoms.  A  photon  does  not  achieve  the  whole, 
nor  even  the  most,  of  its  ionization  at  the  point  where  it  dies;  the  effect 
is  spread  all  along  the  path  of  the  electron  which  is  heir  to  a  great  part 
of  its  energy;  and  this  path  may  be  long.  Thus,  the  ionization  at  a 
certain  level  of  water  or  air  may  be  due  in  part,  it  may  even  be  chiefly 
due,  to  electrons  which  were  unleashed  at  levels  much  higher.  It  may 
thus  be  chiefly  due  to  photons  which  ended  their  careers  far  away 
from  the  place  where  it  is  being  measured.  It  may  then  be  no  true 
measure  of  the  number  of  photons  which  collide  with  electrons  at  the 
level  in  question,  and  no  true  measure  of  the  strength  of  the  gamma- 
ray  beam  at  that  level.  Indeed  it  is  not  likely  to  be  a  true  measure, 
unless  the  range  R  of  the  electrons  be  so  short  that  the  strength  of  the 
beam  does  not  sensibly  diminish  as  it  descends  through  a  distance 
equal  to  R.  (There  is  an  exception,  as  I  mention  on  the  next  page; 
but  in  practice  it  may  not  help.)  Now  precisely  this  condition  accord- 
ing to  the  testimony  of  Bothe  and  Kolhorster  and  Rossi,  is  not  fulfilled. 

Since  the  condition  apparently  is  not  fulfilled,  all  sorts  of  difificulties 
arise.  If  the  ionizing  particles  have  such  ranges  and  such  powers  of 
penetration  as  the  data  suggest — not  only  the  data  just  mentioned,  but 
those  of  the  cloud-chamber  method  and  yet  others — many  of  those 
which  cause  the  ionization  at  any  particular  level  of  the  air  have 
come  from  points  hundreds  of  metres,  or  even  kilometres,  farther  up. 
Any  ordinate  of  such  a  curve  as  that  of  Fig.  4  is  a  function  of  the  whole 
of  the  (unknown)  curve  representing  strength-of-gamma-ray-beam  as 

parison.  Denote  by  /o  the  number  of  coincidences  per  unit  time  found  with  nothing 
between  the  counters,  by  /  the  number  found  with  the  block  of  gold  (or  lead)  between, 
by  (/  the  number  of  grams  per  square  cm.  of  gold  (or  lead).  They  equate  /  /o  to 
exp  (—  fid),  and  compute  the  value  of  ix\  in  the  first  and  the  third  of  the  experiments 
just  mentioned,  it  comes  out  equal  to  (3.5  ±  0.5) -lO'^  and  (1.6  dz  0.3) -lO"';  these 
are  values  of  the  same  order  of  magnitude  as  those  given  by  Millikan  and  by  Regener 
for  the  quantity  called  /x  in  the  analysis  of  their  curves.  In  view  of  the  objections  to 
assuming  exponential  absorption-curves  for  rays  which  are  or  may  be  composed  of 
fast-flying  electrons,  I  doubt  whether  it  is  expedient  to  use  this  way  of  stating  the 
results. 


ISO  BELL   SYSTEM   TECHNICAL   JOURNAL 

function  of  height,  over  an  interval  of  this  magnitude.  This  makes 
the  problem  of  determining  the  trend  of  that  curve  (if  such  a  curve 
there  be)  a  formidable  one. 

Since  the  problem  is  so  formidable  and  so  important,  let  us  linger 
over  it.  It  is  expedient  to  treat  the  very  simplest  conceivable  case,  a 
case  which  is  certainly  much  simpler  than  reality,  yet  quite  complicated 
enough  for  a  first  view.  Suppose  a  beam  of  photons  of  a  single  wave- 
length descending  vertically,  first  through  vacuum,  then  (at  x  =  0) 
entering  a  horizontal  sheet  of  some  medium  (water,  say)  of  uniform 
density,  in  which  they  have  an  absorption-coefiicient  /z.  Assume  that 
every  impact  of  a  photon  against  an  electron  results  in  the  total 
disappearance  of  the  former,  in  the  projection  of  the  latter  straight 
onward  (vertically  downward).  Assume  further  that  the  projected 
electron  engenders  a  constant  number  of  ion-pairs  per  centimetre  of 
its  path,  and  that  the  length  R  of  the  path  is  the  same  for  all  the 
electrons. 

Then,  one  readily  sees  that  the  ionization  in  the  water,  instead  of 
being  greatest  at  the  top  and  diminishing  steadily  downward,  actually 
increases  from  the  top  down  to  the  depth  R,  and  begins  to  decrease 
only  beyond  R.  The  formula  is  as  follows,  x  standing  for  distance 
measured  from  the  surface  of  the  water  downwards: 

J  cc  1  -  e-"""  for         X  <  R, 

I  o:  c-'^ie""  -  1)         for         X  >  R. 

There  is  a  "zone  of  transition"  of  thickness  R,  beyond  which  the 
ionization  diminishes  exponentially,  w^ith  the  same  exponent  as  we 
have  assumed  for  the  absorption  of  the  gamma-rays  themselves.  This 
is  the  exceptional  case  mentioned  above,  in  which  by  diving  to  depths 
exceeding  R  one  could  arrive  at  a  region  where  the  trend  of  the  ioniza- 
tion is  the  same  as  that  of  the  strength  of  the  beam  of  photons,  and 
the  value  found  for  ^  would  apply  to  these  last. 

Unfortunately  there  is  no  actual  case  so  simple.  If  there  are  cosmic 
gamma-rays  coming  from  the  sky,  they  evidently  come  from  all 
directions,  not  merely  vertically;  and  from  the  character  of  Millikan's 
curves  it  seems  likely  that  they  are  of  several  or  many  wave-lengths, 
not  one  only.  Conceivably  at  great  depths  of  water  the  hardest  of 
all  may  be  filtered  out,  and  these  depths  may  be  superior  to  the  values 
of  R  for  all  the  electrons;  if  so  then  the  lowest  values  of  /x,  quoted  by 
Millikan  and  by  Regener,  may  pertain  to  actual  photons.  If  there  are 
cosmic  gamma-rays  of  several  frequencies  descending  vertically  from 
above,  then  the  actual  ionization-curve  should  be  a  sum  of  terms  such 
as  (3),  with  numerical  factors  depending  on  the  frequencies  and  the 
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intensities,  and  values  of  ix  depending  on  the  frequencies;  in  principle, 
one  might  resolve  the  curve  into  these  terms;  but  there  is  a  great 
difference  between  "in  principle"  and  "in  practice."  If  instead  of 
water  we  consider  the  atmosphere,  there  is  reason  to  infer  that  the 
range  R  of  the  ionizing  corpuscles  discovered  in  cloud-chamber  and 
counting-tube  experiments  may  be  greater  than  the  thickness  of  the 
atmosphere  itself!  In  this  case,  however,  there  should  be  a  maximum 
of  ionization  lower  down  in  the  air,  than  the  heights  already  attained  by 
balloons;  such  a  maximum  has  not  been  found.  The  possibilities  are 
enormously  complex;  and  after  mentioning  that  Steinke  has  made  a 
number  of  measurements  with  sheets  of  metal  of  thicknesses  apparently 
inferior  to  the  range  of  the  electrons  in  the  metal,  with  significant 
results  (he  speaks  of  Uehergajigseffekte  or  "transitional  effects"),  I  will 
pass  to  the  description  of  an  experiment  by  Rossi  meant  as  a  contri- 
bution to  this  problem. ^^ 

I  have  already  quoted  the  value  which  Rossi  obtained  for  the 
percentage  drop  in  the  number  of  coincidences  occurring  when  a  plate 
of  lead  is  slipped  between  two  counters — 16  per  100.  When  he  slipped 
the  same  lead  plate  above  the  upper  counter,  the  drop  was  less— 12  per 
100.  Let  us  imagine  that  photons  coming  from  above  were  releasing 
fast  forward-flying  electrons  from  atoms  in  the  plate  of  lead,  these 
passing  in  the  latter  case  through  both  of  the  counting-tubes,  in  the 
former  through  only  one — causing  coincidences  therefore  in  the  latter 
case,  not  in  the  former.  The  numerical  values  then  oblige  us  to 
suppose  that  when  100  fast  electrons  dash  from  above  into  the  upper 
counter,  16  of  them  can  be  stopped  by  ten  centimetres  of  lead,  but 
accompanying  photons  will  generate  four  new  ones  in  the  slab,  leaving 
a  net  decrease  of  12  per  100.  It  is,  then,  this  twelve  per  cent  which  is 
the  decrease  in  the  ionizing-power  of  the  mixed  beam,  produced  by 
interposing  ten  cm.  of  lead;  Rossi  thinks  that  the  data  prove  that  the 
photons  are  less  penetrating  than  the  electrons. 

If  so,  how  can  it  be  that  the  charged  particles  responsible  directly 
for  the  ionization  have  so  great  a  penetrating-power?  The  electrons 
expelled  from  atoms  by  X-rays,  and  by  the  gamma-rays  of  known 
wave-length  emerging  from  radioactive  substances,  are  definitely  less 
penetrating  than  the  photons  which  set  them  on  their  ways.  No 
theory  gives  the  slightest  indication  that  this  relation  should  eventually 
be  reversed  as  the  frequency  and  penetrating  power  of  the  gamma-rays 

''  I  take  equation  (3)  from  Rossi's  paper  in  the  Zeitschrift  fiir  Phvsik,  where  the 
reader  can  also  find  equations  for  cases  somewhat  more  complicated  but  probably 
not  more  plausible.  The  region  beyond  R  is  often  called  the  region  where  "the 
primary  beam  is  in  equilibrium  with  its  secondaries."  Notice  also  the  argument  of 
Kulenkampff,  mentioned  in  footnote  11.  I  am  indebted  to  Dr.  P.  M.  Morse  for  a 
discussion  of  these  questions. 


182  BELL   SYSTEM   TECHNICAL   JOURNAL 

increases.  True,  the  theories  are  based  on  the  assumption  that  the 
energy  of  the  ionizing  particles  is  derived  from  the  photons:  if  some  of 
them  originate  from  disintegrated  atom-nuclei,  as  the  seeming  presence 
of  protons  among  them  suggests,  the  energy  of  these  may  be  greater 
than  that  of  the  primary  photon  itself. 

Could  we  dispense  altogether  with  the  notion  of  a  beam  of  electro- 
magnetic waves  coming  from  above,  and  imagine  that  there  are  no 
cosmic  rays  other  than  these  fast-flying  particles,  which  then  must  be 
supposed  to  come  down  into  the  lower  atmosphere  from  above?  This 
possibility  cannot  be  dismissed;  against  it,  however,  speaks  the  strong 
testimony  of  several  observers  who  have  travelled  far  and  wide  in  the 
search  for  indications  that  the  intensity  of  the  rays  varies  from  point 
to  point  on  the  surface  of  the  earth.  For  the  earth  is  a  magnet;  and 
while  the  strength  of  its  field  is  minute  compared  with  that  prevailing 
within  a  few  inches  of  an  electromagnet  or  even  an  ordinary  horseshoe 
magnet,  the  extent  thereof  is  so  great  that  electrons  or  protons  coming 
up  to  our  planet  from  interstellar  space  are  liable  to  be  enormously 
deflected.  Charged  particles  of  energy- values  such  as  I  have  been 
mentioning  (millions  or  tens  of  millions  of  equivalent  volts)  should 
reach  the  earth  prevailingly  in  the  region  of  the  magnetic  poles,  if 
they  start  uniformly  from  all  directions.  Now,  Bothe  and  Kolhorster 
took  their  instruments — three  electroscopes  and  a  pair  of  counting- 
tubes — on  a  cruise  through  Arctic  waters;  the  ship  started  from  Ham- 
burg and  returned  there,  its  course  encircling  Iceland  and  passing 
close  to  Spitzbergen;  there  was  no  sign  of  a  systematic  variation  of 
the  readings.  Millikan,  whose  data  in  California  had  agreed  with  his 
data  in  Bolivia  in  the  admirable  way  which  Fig.  4  displays,  made  a 
still  finer  test:  in  the  summer  of  1930  he  went  "to  the  settlement  which 
is  much  the  nearest  to  the  earth's  north  magnetic  pole  of  any  settlement 
on  earth,  namely,  Churchill,  750  miles  due  south  of  the  pole  on  the 
west  side  of  Hudson's  Bay — ^at  present  a  construction  camp.  .  .  . 
The  mean  results,  when  compared  with  those  similarly  taken  at 
Pasadena  during  the  last  week  in  July  and  the  first  in  August,  show 
that  the  cosmic  rays  have  precisely  the  same  intensity  at  Churchill,  in 
latitude  59,  as  at  Pasadena  in  latitude  34,  the  mean  results  in  the  two 
places  being  28.31  ions  per  cc.  per  sec.  and  28.30  ions  per  cc.  per  sec. 
respectively,  as  measured  in  my  particular  electroscope.  I  think  the 
error  in  these  measurements  cannot  possibly  be  as  much  as  1  per  cent." 
A  British  expedition  to  the  Antarctic  made  measurements  of  cosmic 
rays  within  250  miles  of  the  south  magnetic  pole,  and  found  the  same 
intensity  there  as  in  Australia.^**     It  is  difficult  to  doubt  that  anything 

20  K.  Grant,  Nature,  127,  924  (1931). 
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SO  constant  must  come  from  vvitliout  tlie  terrestrial  world,  and  on  its 
way  be  exempt  from  the  influence  of  the  earth's  magnetic  field.^* 

Of  the  origin  of  the  cosmic  rays  I  have  not  spoken  in  this  article, 
having  so  chosen  its  title  as  to  exclude  that  mighty  subject  from  its 
scope.  In  the  data  and  in  the  nature  of  these  rays  there  is  enough  of 
the  mysterious  and  enough  of  the  extraordinary,  to  suffice  for  an 
introduction.  Modest  as  the  data  seem,  what  they  reveal  is  sen- 
sational. It  is  found  that  the  atmosphere  of  this  earth  is  being 
traversed  by  ionizing  particles,  of  which  the  qualities  are  amazing.  If 
they  are  such  familiar  corpuscles  as  protons  or  electrons,  their  energy 
must  be  of  the  order  of  tens  of  millions  of  equivalent  volts,  values 
without  precedent  in  our  experience.  If  they  are  neutral  particles 
they  are  in  themselves  unprecedented.  If  they  are  electrons  or 
protons  which  derive  their  energy  from  photons  or  corpuscles  of  light, 
these  last  must  have  energy  greater,  frequency  higher  and  wave-length 
smaller,  than  any  form  of  light  of  w^hich  we  have  previous  knowledge. 
Such  quantities  of  energy,  be  it  remembered,  are  enormously  greater 
than  the  largest  which  atoms  can  emit  in  the  course  of  their  normal 
lives;  they  are  several  times  larger  even  than  those  which  are  emitted  by 
collapsing  atom-nuclei,  in  those  processes  of  transmutation  of  which  we 
already  have  knowledge.  If  they  come  from  individual  atoms  they 
must  arise  from  processes  heretofore  unknown,  of  transmutation  or 
synthesis  or  annihilation.  The  constancy  of  the  effect  of  the  ionizing 
rays,  its  independence  (be  it  absolute  or  only  approximate)  of  weather 
and  time  and  direction  and  the  earth's  magnetic  field,  implies  that 
these  processes  are  spread,  not  over  the  earth  nor  even  over  the  solar 
system  by  itself,  but  throughout  the  whole  of  the  cosmos. 

Literature 

The  literature  of  cosmic-ray  research  has  already  swollen  to  such  proportions,  that 
a  complete  bibliography  would  cover  several  pages  of  this  journal.  There  seems  to  be 
no  book  devoted  altogether  to  the  subject,  though  in  treatises  on  atmospheric 
electricity — I  name  especially  Die  elektrische  Leitfdhigkeit  der  Atmosphdre,  by  W  F. 
Hess,  translated  as  The  Electrical  Conductivity  of  the  Atmosphere  and  its  Causes  (Van 
Nostrand,  1926) — a  chapter  or  a  section  is  usually  assigned  to  it. 

The  major  publications  of  Alillikan's  school  have  appeared  in  the  Physical  Revieiu, 
as  follows: 
R.  A.  Millikan  &  I.  S.  Bowen,  Phys.  Rev.  (2),  27,  353-361  (1926)  (sounding-balloon 

observ'ations). 
Millikan  &  R.  AI.  Otis,  ibid.,  27,  645-658  (1926)  (mountain-peak  and  aeroplane  ob- 
servations). 
Millikan  &  G.  H.  Cameron,  ibid.,  28,  851-868  (1926)  (lakes  in  California). 
Millikan  &  Cameron,  ibid.,  31,  163-173  (1928)  and  921-930  (lakes  in  California  and 
Bolivia). 

-1  Nevertheless  there  have  been  opposing  data;  Clay,  on  a  voyage  to  Java,  from  the 
Mediterranean,  found  the  ionization  increasing  as  he  approached  the  equator,  and 
Corlin  is  said  to  have  observed  an  increase  from  south  to  north  along  the  Scandinavian 
peninsula;  recall  also  Corlin's  assertion  mentioned  on  page  169. 
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Millikan  &  Cameron,  ■ibid.,  32,  533-557  (1928)  (interpretation). 

Millikan,  ibid.,  36,  1595-1603  (1930)  (approach  to  north  magnetic  pole). 

Millikan  &  Cameron,  ibid.,  37,  235-252  (1931)  (most  recent  and  complete  ionization- 

t'5. -depth  curve). 
To  this  list  should  be  added  Millikan's  address  before  the  B.  A.  Symposium  on  the 
Evolution  of  the  Universe  (Nature,  128,  709-715;  24  Oct.  1931),  and  the  account  of 
C.  D.  Anderson's  work  probably  soon  to  be  published. 

Regener's  observations  at  various  depths  of  water  are  described  in  Naturwissen- 
schaften,  17,  183-185  (1929),  with  a  later  and  regrettably  brief  note  in  Phys.  ZS.,  31, 
1018-1019  (1930).  Piccard's  observation  at  the  altitude  of  16  km.  is  mentioned  in 
the  Bulletin  of  the  French  Physical  Society  for  4  Dec.  1931.  Swann's  observations 
at  three  altitudes  appear  in  Jour.  Franklin  Inst.,  209,  151-200  (1930),  and  an  obser- 
vation by  A.  H.  Compton  in  Phys.  Rev.  (2)  39,  55  (1932). 

Skobelzyn's  experiments  by  the  expansion-chamber  method  are  published  in 
ZS.f.  Phys.,  54,  686-702  (1929);  see  also  P.  Auger  &  D.  Skobelzyn,  C.  R.,  189,  55-57 
(1929).  L.  M.  Mott-Smith  and  G.  L.  Locher  made  simultaneous  observations  by 
this  and  the  Geiger-counter  method  {Phys.  Rev.  (2),  38,  1399-1408;  1931). 

The  absorption-experiments  with  Geiger  counters  cited  in  this  article  are  due  to 
W.  Bothe  &  W.  Kolhorster,  ZS.f.  Phys.,  56,  751-778  (1929),  and  B.  Rossi,  ibid.,  68, 
64-84  (1931);  see  also  Rossi,  Lincei  Rendiconti  (6),  13,  600-606  (1931). 

Experiments  with  Geiger  counters  to  seek  for  deflection  of  ionizing  particles  by 
magnetic  fields:  Alott-Smith,  Phvs.  Rev.  {?.),  37,  1001-1003  (1931);  Rossi,  Lincei 
Rendiconti  (6),  11,  478-482  (1930),  and  Nature,  128,  300-301  (22  Aug.  1931);  L.  F. 
Curtiss,  Phys.  Rev.  (2),  35,  1433;  (1930). 

Search  for  influence  of  earth's  magnetism:  Millikan,  //.  cc;  K.  Grant,  Nature,  127, 
924  (20  June  1931)  (approach  to  south  magnetic  pole);  Bothe  &  Kolhorster,  Berl.  Ber. 
(1930)  (cruise  in  Arctic  waters);  J.  Clay,  Proc.  Amsterdam  Acad.,  30,  1115-1127 
(1927),  and  31,  1091-1097  (1928)  (cruise  to  tropics);  Rossi,  Nuovo  Cirnento,  8,  3-15 
(1931);  W.  M.  H.  Schulze,  Nature,  128,  837-838  (14  Nov.  1931)  (magnetic  storms). 

On  the  dependence  of  cosmic-ray  ionization  on  time  there  have  been  many 
researches,  mostly  by  people  desirous  of  finding  (or  of  not  finding)  influences  of 
barometric  pressure,  weather,  variations  of  the  earth's  magnetic  field,  the  position  of 
the  sun,  the  position  of  the  Milky  Way  or  other  remote  bodies.  Most  if  not  all  of 
the  attempts  to  determine  the  absolute  value  of  the  ionization  to  be  ascribed  to 
■  cosmic  rays,  on  or  above  the  ground,  have  involved  by  necessity  studies  of  fluctu- 
ations. Fig.  9  of  this  article  comes  from  G.  Hoffmann,  ZS.  f.  Phys.,  69,  703-718 
(1931);  his  paper  contains  references  to  earlier  German  work,  some  of  it  in  a  geo- 
physical journal.  Fig.  10  above  comes  from  G.  von  Salis,  ZS.f.  Phys.,  50,  793-807 
(1928).  Millikan  discusses  the  fluctuations  in  his  1930  paper.  The  references  to 
Hess'  estimate  of  the  influence  of  the  sun  are:  Nature,  12'7,  10-11  (3  Jan.  1931)  and 
ZS.f.  Phys.,  71,  171-178  (1931);  earlier  work  is  mentioned  there. 

The  estimate  made  by  Kolhorster  and  Tuwim  of  the  average  number  of  ion-pairs 
produced  (in  air  under  standard  conditions)  per  centimetre  path  of  one  of  the  high- 
speed ionizing  particles  detected  by  the  Geiger  counters,  is  stated  in  ZS.f.  Phys.,  73, 
130-136  (1931) ;  for  the  notation  it  seems  to  be  necessary  to  study  an  earlier  paper  in 
Berliner  Berichte,  1931. 

For  effects  associated  with  the  "transition-zone"  mentioned  above  on  page  180, 
see  E.  Steinke,  Phys.  ZS.,  31,  1019-1022  (1930)  and  the  earlier  work  there  cited;  A. 
Corlin,  ibid.,  1065-1071. 

For  the  variation  of  the  ionization  inside  a  high-pressure  air-chamber  with  the 
pressure  of  the  air,  see  J.  W.  Broxon,  Phys.  Rev.  (2),  37,  1320-1337  (1931)  and  the 
literature  there  cited;  E.  G.  Steinke  &  H.  Schindler,  Naturwiss.  20,  15-16  (1932) 
and  literature  there  cited.  For  the  theory  mentioned  on  page  170  supra,  see  Milli- 
kan &  Bowen,  Nature,  128,  582-583  (1931);  A.  H.  Compton,  R.  D.  Bennett  &  J.  C. 
Stearns,  Phys.  Rev.  (2)  38,  1565-1566  (1931);  Steinke  &  Schindler,  loc.  cit. 
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The  Emission  of  Secondary  Electrons  from  Tungstev}  A.  J.  Ahearx. 
An  apparatus  is  described  for  investigating  critical  potentials  in  the 
emission  of  secondary  electrons  from  tungsten.  Measurements  on  the 
velocity  distribution  in  the  primary  beam  show  that  secondary  elec- 
trons from  the  electron  gun  are  absent.  Tube  characteristics  which 
might  introduce  spurious  critical  potentials  in  the  secondary  emission 
from  tungsten  appear  to  be  absent.  By  heat  treating  the  tungsten 
and  cleaning  up  residual  gases,  maxima  and  critical  slope  changes  were 
developed  below  40  volts.  With  sensitive  methods  of  measuring  and 
plotting  the  data,  critical  potentials  within  the  range  from  40  to  500 
volts  were  observed  only  at  the  following  uncorrected  voltages:  70, 
108,  208,  297  volts.  All  but  the  70-volt  effect  disappeared  eventually 
after  heat  treatments  of  the  tungsten  target.  Thus  when  the  tungsten 
surface  is  most  free  from  contamination,  critical  potentials  persisted 
only  at  the  following  uncorrected  voltages:  maxima  at  about  3.5  and 
8  volts  and  slope  increases  at  24,  33  and  70  volts.  The  phenomena 
may  be  associated  with  the  diffraction  of  electrons  or  the  production 
and  absorption  of  characteristic  soft  x-rays.  Regardless  of  the 
mechanism  operating  at  the  critical  potentials,  their  decrease  or 
elimination  beyond  40  volts  points  strongly  to  effects  of  surface 
contamination  rather  than  to  characteristics  of  tungsten. 

Electrolytic  Phe7iomena  in  Oxide  Coated  Filaments?  J.  A.  Becker. 
A  critical  survey  of  the  literature  shows  that  the  current  through  the 
oxides  in  oxide  coated  filaments  is  carried  by  electrons,  negative 
oxygen  ions,  and  positive  barium  ions.  The  proportion  of  current 
carried  by  each  depends  upon  the  exact  composition  and  method  of 
preparation  of  the  oxide  coating,  on  the  heat  treatment  and  on  previous 
electrolytic  effects.  Presumably  the  conductivity  is  greatly  affected 
by  barium  and  oxygen  dispersed  through  the  oxide.  New  experi- 
mental results  show: 

1.  For  a  particular  BaO  -f  SrO  filament,  the  conductivity  C  was 
given  by 

1.71  X  10^  ^^lfi°^  + 5.55X10-3  2:52^'. 

^  Phys.  Rev.,  November  15,  1931. 

^  Trans.  Electrochem.  Soc,  \o\.  LIX,  1931. 
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2.  The  current  is  proportional  to  the  voltage  only  so  long  as  the 
current  is  small;  otherwise  the  products  of  electrolysis  alter  the 
conductivity. 

3.  Polarization  currents  are  caused  by  the  Ba  and  O  which  are 
produced  by  electrolysis.  These  currents  decrease  rapidly  even  at 
temperatures  near  500°  K.,  thus  showing  that  Ba  and  O  diffuse  at 
low  temperatures. 

Some  Observations  of  the  Behavior  of  Earth  Currents  and  their  Cor- 
relation with  Magnetic  Disturbances  and  Radio  Transmission.^  Isabel 
S.  Bemis.  This  paper  presents  correlations  between  the  abnormal 
earth  currents  noted  during  magnetic  storms  and  transoceanic  radio 
transmission  on  both  long  and  short  waves.  The  radio  transmission 
data  were  collected  on  the  telephone  circuits  operating  between  New 
York  and  London  and  between  New  York  and  Buenos  Aires.  The 
earth  current  data  were  collected  on  two  Bell  System  lines  extending 
approximately  a  hundred  miles  north  and  west  from  New  York. 
The  results  of  this  w^ork  establish  facts  which  have  been  known  in  a 
general  way  for  some  time. 

The  direction  of  flow  of  abnormal  earth  currents  in  the  neighborhood 
of  New  York  seems  to  be  along  a  northwest-southeast  line.  Coincident 
with  such  abnormal  currents  are  periods  of  poor  short-wave  radio 
transmission.  However,  on  long  waves,  daylight  transmission  over 
transatlantic  distances  is  improved.  On  the  short-wave  circuit  to 
Buenos  Aires,  transmission  is  adversely  affected  but  only  to  a  moderate 
extent. 

TJie  Propagation  of  Short  Radio  Waves  over  the  North  Atlantic.'^ 
C.  R.  Burrows.  Transmission  conditions  for  each  season  are  shown 
by  "surfaces"  giving  the  received  field  strength  as  a  function  of  time 
of  day  and  frequency.  These  show  that  frequencies  near  18  mc  are 
best  for  daytime  transmission.  In  summer  the  best  frequencies  for 
nighttime  transmission  are  those  near  9  mc.  In  winter  an  additional 
frequency  near  6  mc  is  required  during  the  middle  of  the  night.  A 
frequency  (such  as  14  mc)  intermediate  between  the  day  and  night 
frequency  is  useful  during  the  transition  period  between  total  daylight 
and  total  darkness  over  the  path.  Day-to-day  variations  change  the 
periods  of  usefulness  of  these  frequencies.  In  particular  the  period  of 
usefulness  on  14  mc  sometimes  extends  so  that  it  is  the  best  daytime 
frequency. 

Transmission  conditions  on  undisturbed  days  were  found  to  be  the 

^Proc.  I.  R.  E.,  November,  1931. 
*Proc.  I.  R.  E.,  September,  1931. 
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same  for  the  same  time  of  year  on  different  years.  These  undisturbed 
transmission  conditions  are  presented  by  "normal"  surfaces.  Com- 
parison of  these  surfaces  shows  that  the  higher  frequencies  are  less 
attenuated  in  winter.  Reception  on  the  highest  frequency,  27  mc 
was  best  in  winter;  in  summer  this  frequency  was  never  heard. 

The  effect  of  solar  disturbances  on  short-wave  transmission  is  to 
reduce  reception  on  all  frequencies.  Sometimes  the  higher  frequencies 
are  the  more  adversely  affected.  Some  of  the  possible  causes  of  these 
disturbances  are  discussed. 

From  the  measurements  made  on  "static"  at  New  Southgate, 
data  on  the  variation  of  its  field  strength  as  a  function  of  frequency, 
time  of  day,  and  season  are  given. 

Methods  of  High  Temperatitre  Treatment.^  Paul  P.  Cioffi.  The 
object  of  this  paper  is  to  describe  methods  which  have  been  developed 
in  this  laboratory  for  treating  metals,  chiefly  iron  and  its  alloys,  at 
all  temperatures  up  to  about  1700°  C,  considerably  above  the  melting 
point  of  iron,  and  in  any  atmosphere  ranging  in  pressure  from  10"^ 
mm.  of  mercury  to  20  or  more  atmospheres.  The  methods  of  heating, 
and  the  forms  of  the  materials  heated  fall  into  three  rather  well- 
defined  groups:  (1)  Long  wires  and  tapes  heated  to  any  temperature 
up  to  a  few  degrees  below  the  melting  point  by  passing  currents 
through  them  in  the  presence  of  a  gas  (a)  under  a  pressure  of  one 
atmosphere  or  less,  or  {b)  under  a  pressure  up  to  20  atmospheres. 
(2)  Toroids  heated  by  induction  in  a  gas  atmosphere,  with  the  gas 
pressure  ranging  from  10-«  mm.  to  one  atmosphere.  (3)  Any  shape 
of  specimen  heated  up  to  about  1700°  C.  in  a  molybdenum  wound 
furnace  in  a  gas  pressure  ranging  from  10"^  mm.  to  20  atmospheres. 

In  investigations  dealing  with  the  effect  of  heat  treatment  on  the 
properties  of  materials,  the  temperature  range  covered,  often  limited 
by  the  lack  of  suitable  facilities,  is  likely  to  obscure  important  or 
interesting  effects  produced  by  heat  treatments  at  high  temperatures. 
The  new  high  values  of  the  magnetic  permeability  of  iron  recently 
reported  were  made  possible  by  employing  the  methods  here  described ; 
in  fact,  these  methods  were  all  developed  in  connection  with  the 
investigation  of  the  magnetic  properties  of  materials  as  dependent 
upon  temperature  and  time  of  heat  treatment  and  rate  of  cooling  in 
any  atmosphere.  These  methods  are  also  applicable  to  other  metals 
which  can  be  shaped  into  long  wires  or  tapes  or  toroids. 

^  Jour.  Franklin  Institute,  November,  1931. 
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Methods  for  Measuring  hiterfering  Noises}  Lloyd  Espexschied. 
This  paper  outlines  various  methods  of  measuring  interference, 
particularly  in  radio  telephony,  which  have  been  found  useful  in  the 
Bell  System. 

Reverberation  Time  Measurements  in  Coupled  Rooms.''  Carl  F. 
Eyring.  The  decay  of  residual  sound  in  simple  reverberant  enclosures 
has  been  the  subject  of  much  study.  Out  of  these  investigations 
along  with  other  important  developments  formulae  have  emerged 
which  may  be  used  to  calculate  the  reverberation  time  of  enclosed 
rooms,  the  one  proposed  by  Sabine  being  applicable  to  live  rooms, 
but  a  more  general  one  being  necessary  if  applied  to  dead  rooms. 
These  formulae  may  be  used  in  the  study  of  simple  enclosures  in 
which  the  sound  is  diffuse,  the  absorbing  material  is  well  distributed, 
and  the  decay  of  the  residual  sound  is  exponential  in  time.  They 
may  not  be  applied  indiscriminately  to  complex  structures  for  the 
author  has  shown  that  the  curves  illustrating  the  decay  of  the  residual 
sound  intensity  level  may  not  be  straight  under  certain  conditions 
for  coupled  rooms  of  different  natural  reverberation  times  or  even 
for  a  single  room  with  no  sound  diffusing  scheme  and  non-uniformly 
distributed  absorption. 

The  present  paper  presents  further  data  on  acoustically  coupled 
rooms  and  offers  a  theoretical  study  and  formulae  applicable  to  such 
complex  structures.  Somewhat  similar  studies  have  been  made  by 
Buckingham  and  Davis  in  the  investigation  of  sound  transmission 
through  partitions.  But  before  the  coupled  room  formulae  which  are 
based  on  certain  idealizations  can  be  applied  in  general  to  auditoriums 
with  various  types  of  balconies  and  under-balcony  spaces,  they  must 
be  carefully  checked  by  a  thorough  experimental  study  of  typical 
theatres.  Thus  it  is  expected  that  empirical  formulae,  based  on 
theory  and  experiment,  may  be  evolved  for  each  type  of  complex 
structure. 

Recently  developed  instrumental  methods  of  measuring  reverbera- 
tion time,  especially  those  methods  that  measure  the  decay  history  of 
the  residual  sound,  give  promise  of  being  the  tools  needed  in  this 
study.  The  results  recorded  in  this  paper  were  made  on  a  meter 
described  by  Wente  and  Bedell  in  their  paper  "  Chronographic  Method 
of  Measuring  Reverberation  Time"  and  by  the  author.  This  instru- 
ment plots  almost  automatically  the  intensity  level  of  the  residual 
sound  measured  in  db  and  the  time. 

^Proc.  I.  R.  £.,  November,  1931. 

^  Jour.  Acous.  Soc.  Amer.,  October,  1931. 
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When  the  sound  source  is  cut  off  there  will  not  only  be  a  decay  of 
sound  due  to  the  absorption  of  the  walls,  fixtures,  etc.,  but  the  inter- 
ference pattern  will  continually  shift  causing  the  actual  rate  of  decay 
of  the  sound  intensity  level  at  a  point  to  fluctuate  about  the  rate  of 
decay  caused  only  by  absorption.  This  fluctuation  may  be  very 
pronounced  and  actually  changes  from  point  to  point  in  the  room, 
but  may  be  minimized  by  the  use  of  a  warble  tone  and  if  necessary 
by  the  proper  placement  of  the  transmitter.  With  these  precautions, 
and  they  are  used  in  all  the  reverberation  time  measurements  presented 
in  this  paper,  the  effect  of  interference  is  greatly  reduced.  The 
average  rate  or  rates  of  decay  5  (db  per  second)  of  the  sound  intensity 
level  can  at  once  be  obtained  from  the  slope  of  the  straight  line  or 
lines  which  best  fit  the  series  of  experimental  points.  The  reverbera- 
tion times  T  (time  per  60  db)  used  in  this  paper  have  been  calculated 
using  the  relation 

T  =  — 
8' 

The  Effect  of  Exposure  and  Development  on  the  Quality  of  Variable 
Width  Photographic  Sound  Recording.^  Donald  Foster.  This  paper 
deals  with  the  dependence  of  the  quality  of  variable  width  recording 
on  the  conditions  of  exposure  and  development.  When  the  widths  of 
the  images  employed  in  recording  or  reproducing  are  comparable  with 
the  w^ave-length  of  the  record  the  exposed  portion  of  the  record  is  not 
uniformly  exposed.  The  record  is  attenuated  in  amplitude  as  the 
frequency  is  increased,  and  harmonics  are  introduced  whose  relative 
intensities  depend  on  the  contrast  of  development  and  on  the  fre- 
quency. When  the  exposure  of  the  record  occupies  the  linear  range 
of  the  H  &  D  curve,  and  when  the  product  of  the  gammas  of  the 
negative  and  the  positive  is  equal  to  unity,  the  record  is  practically 
free  from  spurious  harmonics.  The  amount  of  non-linear  distortion 
is  calculated  for  the  case  when  the  over-all  gamma  is  equal  to  two; 
and  it  is  shown  that  Cook's  analysis  of  the  aperture  effect  gives  a 
superior  limit  to  the  distortion  obtainable  by  overexposure  or  by 
over  or  underdevelopment.  The  effect  of  the  unavoidable  non- 
uniform illumination  of  the  images  is  considered. 

The  Vectorial  Photoelectric  Effect  in  Thin  Films  of  Alkali  Metals.^ 
Herbert  E.  Ives.  It  is  assumed  that  the  photoelectric  eft'ect  ex- 
hibited by  thin  films  of  alkali  metals  on  specular  platinum  surfaces  is 
proportional  at  any  wave-length  to  the  electric  intensity  just  above 

8  Jour.  S.  M.  P.  E.,  November,  1931. 
'■>  Phys.  Rev..  September  15,  1931. 
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the  platinum.  This  electric  intensity  is  found,  using  the  optical 
constants  of  platinum,  by  computing  the  intensities  of  the  wave 
patterns  formed  by  the  interference  of  the  reflected  and  incident 
beams.  These  computations  are  made  for  various  angles  of  incidence 
and  for  light  polarized  in  and  at  right  angles  to  the  plane  of  incidence. 
The  intensities  thus  found  exhibit  very  large  ratios  of  value  for  the 
two  planes  of  polarization,  in  striking  agreement  with  the  character- 
istics of  the  vectorial  photoelectric  effect.  The  changes  of  amplitude 
of  the  perpendicular  electric  vector  on  entering  the  alkali  metal  film, 
as  computed  from  the  optical  constants  of  the  alkali  metal,  account 
for  the  experimentally  found  low  values  of  the  emission  ratios  at  long, 
and  their  high  values,  at  short  wave-lengths. 

The  PhotoeJectric  Effect  from  Thin  Films  of  Alkali  Metal  on  Silver}^ 
Herbert  E.  Ives  and  H.  B.  Briggs.  The  thin  films  of  alkali  metals 
which  spontaneously  deposit  in  vacuo  on  other  metals  have  long  been 
known  to  exhibit  photoelectric  eiTects  which  vary  in  amount  and 
character,  depending  on  the  underlying  material,  but  the  exact  nature 
of  this  dependence  has  been  obscure.  Silver,  because  of  its  region  of 
exceedingly  low  reflecting  power  in  the  ultraviolet  and  the  accom- 
panying ^'ariation  of  optical  constants,  is  exceptionally  well  suited 
for  studying  the  influence  of  the  underlying  metal.  It  is  found  that 
the  region  of  low  reflecting  power  profoundly  affects  the  photoemission, 
but  in  a  manner  not  to  be  explained  simply  by  reduction  of  light 
reflected  back  through  the  alkali  metal  film  or  by  the  absorption  of 
light  by  the  silver.  The  results  obtained  are  very  satisfactorily 
explained  upon  computing,  from  the  optical  constants,  the  intensity 
at  the  surface,  of  the  interference  pattern  formed  by  reflection  just 
above  the  silver  surface.  The  positions  of  the  maxima  and  minima 
of  photoemission,  and  their  variations  with  angle  of  illumination  and 
plane  of  polarization  are  accurately  indicated. 

The  Applicability  of  Photoelectric  Cells  to  Colorimetry}^  Herbert 
E.  Ives  and  E.  F.  Kingsbury.  It  is  the  purpose  of  this  paper  to 
consider  critically  the  requirements  for  a  precision  physical  colorimeter, 
and  to  estimate,  in  the  light  of  a  large  body  of  experimental  data  on 
the  new  types  of  photoelectric  cells,  to  what  degree  the  requirements 
for  physical  colorimetry  may  be  met  at  the  present  time.  The  paper 
is  intended  to  be  very  specifically  limited  to  the  problems  of  precision 
color  measurement,  and  it  is  assumed  that  the  reader  is  already 
acquainted  with  the  principal  facts  relating  to  photoelectric  cells  and 

iop%5.  Rev.,  October  15,  1931. 
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their  use  in  ordinary  photometric  measurements,  in  which  no  pro- 
nounced color  differences  are  faced.  Our  study  does  not  concern 
itself  with  certain  problems  of  sorting  and  selection,  commonly  spoken 
of  as  "color"  measurement,  in  which  the  nature  of  the  colors  concerned 
and  their  range  of  deviation  from  certain  standards  are  known  in 
advance,  thereby  greatly  simplifying  the  problem. 

A  Moving  Coil  Microphone  for  High  Quality  Sound  Reproduction^ 
V\\  C.  Jones  and  L.  W.  Giles.  A  microphone  is  described  in  this 
paper  which  retains  all  of  the  inherent  advantages  of  the  moving-coil 
type  of  structure  but  unlike  the  earlier  forms  of  this  microphone 
responds  uniformly  to  a  wide  range  of  frequencies.  It  is  more  efficient 
than  the  conventional  form  of  condenser  microphone  and  its  trans- 
mission characteristics  are  unaffected  by  the  changes  in  temperature, 
humidity  and  barometric  pressure  encountered  in  its  use.  Unlike  the 
condenser  microphone  the  moving-coil  microphone  may  be  set  up  at 
a  distance  from  the  associated  amplifier  and  efficient  operation  ob- 
tained. Owing  to  its  higher  efficiency  and  lower  impedance  it  is  less 
subject  to  interference  from  nearby  circuits.  It  is  of  rugged  con- 
struction and  when  used  in  exposed  positions  is  less  subject  to  wind 
noise. 

The  Shot  Effect  in  Photoelectric  Currents}^  B.  A.  Kingsbury. 
The  shot  effect,  as  it  occurs  in  a  photoelectric  current,  has  been  used 
to  secure  an  evaluation  of  the  electron  charge.  A  new  and  original 
method  of  amplifier  calibration,  which  involved  the  use  of  a  modulated 
light  beam,  simplified  the  measurements  and  the  computation  of  the 
result.  In  the  absence  of  space  charge,  the  experimental  value  of  the 
electron  charge  w^as  1.61  X  10~^^  coulombs  for  a  thermionic  current, 
and  about  25  per  cent  greater  for  a  photoelectric  current.  It  was 
found  that  the  shot  effect  is  enormously  increased  in  photoelectric 
currents  which  are  amplified  by  collision  ionization.  Statistical 
variations  which  might  be  expected  to  occur  in  a  beam  of  radiant 
energy  could  not  be  detected,  since,  within  the  limits  of  experimental 
accuracy,  the  shot  effect  in  photoelectric  currents  was  found  to  be 
independent  of  the  frequency  of  the  light  producing  electron  emission. 

Some  Acoustical  Problems  of  Sound  Picture  Engineering}^  VV.  A. 
MacNair.  The  purpose  of  this  paper  is  to  point  out  that  many 
advances  in  acoustical  engineering  have  been  necessary  in  order  to 
understand  and  control  adequately  the  conditions  under  which  modern 

^"^  Projection  Engineering,  October,  1931. 
^^Phvs.  Rev.,  October  15,  1931. 
^^Proc.  I.  R.  £.,  September,  1931. 
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sound  pictures  are  recorded  and  reproduced.  To  illustrate  this  point, 
some  of  the  acoustical  problems  encountered  at  Bell  Telephone 
Laboratories  are  discussed.  The  sudden  and  successive  changes  in 
sound  intensity  level  to  be  expected  in  a  room  during  the  growth  and 
decay  of  sound  from  an  intermittent  source  are  pointed  out.  The 
necessity  of  using  the  more  general  reverberation  time  formula,  which 
was  developed  over  a  year  ago,  when  dealing  with  comparatively 
"dead"  rooms,  is  indicated.  One  type  of  acoustical  distortion  which 
is  due  to  interference  is  discussed  together  with  the  measures  necessary 
to  minimize  it  in  sound  pick-up  work.  These  phases  of  acoustical 
engineering  have  been  selected  for  discussion  from  many  which 
confront  the  engineer  in  this  field. 

An  Interpretation  of  the  Selective  Photoelectric  Effect  front  Two- 
Component  Cathodes}^  A.  R.  Olpin.  Evidence  is  produced  to  support 
the  view  that  photoelectrically  selective,  two  component  cathodic 
surfaces  are  crystalline  in  nature.  Then,  assuming  that  Fowler's 
equation  for  the  energy  of  electrons  selectively  transmitted  through  a 
single  potential  valley  [W  =  {n-h'l8md-)2  is  equally  valid  for  the 
energy  of  electrons  selectively  transmitted  through  the  periodic 
sequence  of  valleys  characteristic  of  the  potential  field  within  a 
crystal,  and  that  all  of  the  energy  of  photoelectrons  is  acquired  from 
the  incident  light  quanta,  the  wave-lengths  of  light  to  which  such  a 
surface  should  respond  selectively  can  be  computed.  Such  computa- 
tions have  been  made  with  d  equal  to  the  intern uclear  distance  between 
electro-positive  ions  in  the  lattice  structure  of  alkali  metal  hydride, 
oxide  and  sulphide  crystals.  The  hydride  crystals  belong  to  the 
sodium  chloride  type  and  the  oxide  and  sulphide  crystals  are  sup- 
posedly of  the  calcium-fluoride  type.  The  correlation  between  these 
computed  values  and  the  positions  of  the  observed  selective  maxima 
is  exceptionally  good.  Moreover,  the  fact  that  the  alkali  metal 
hydrides  exhibit  but  one  selective  maximum  and  the  oxides  two  or 
three  maxima  is  in  keeping  with  the  geometry  of  their  respective 
crystalline  types. 

Some  Physical  Concepts  in  Theories  of  Plastic  Flow.^^  R.  L.  Peek, 
Jr.,  and  D.  A.  McLean.  A  review  is  given  of  the  considerations 
involved  in  the  development  of  theories  of  deformation  applicable  to 
the  flow  of  soft  solids  in  capillary  tubes  and  under  similar  steady  state 
conditions.  It  is  pointed  out  that  the  limitation  to  special  test 
conditions    (particularly    to   steady   states)    makes   it   impossible    to 

^^  Phys.  Rev.,  November  1,  1931. 
^^  Jour.  Rheology,  October,  1931. 
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distinguish  in  all  cases  between  the  results  of  different  physical 
hypotheses  as  to  the  mechanism  of  flow  resistance.  A  review  is 
given  of  the  physical  distinctions  which  can  be  determined  by  such 
experiments.  It  is  noted  that  the  criterion  that  the  results  from 
different  capillary  tubes  can  be  expressed  in  the  form  Q/R^  =  F(PR/2L) 
serves  to  distinguish  those  types  of  flow  in  which  the  resistance  is 
dependent  only  on  the  rate  and  not  on  the  extent  of  the  deformation, 
except  when  slip  occurs.  This  last  can  be  distinguished  from  quasi- 
laminar  flow  (in  which  the  resistance  depends  on  the  amount  of 
deformation)  by  tests  made  with  capillaries  of  common  radius  but  of 
different  lengths. 

The  other  important  physical  distinction  that  can  be  observed  is 
between  those  materials  which  show  a  yield  value  and  those  that  do 
not.  For  those  that  do,  a  new  type  of  equation  is  obtained,  of  which 
the  Bingham-Buckingham  equation  is  a  special  case.  In  this  new 
general  form  the  relation  postulates  an  initial  shear  stress  which  must 
be  exceeded  before  flow  takes  place,  and  a  lower  constant  stress  which 
is  effective  in  opposing  flow  once  the  latter  has  commenced. 

For  cases  of  flow  in  which  no  yield  value  is  observed,  another  new 

form  is  given  which  is  based  on  the  physical  concept,  common  to 

most  theories  of  such  flow,  of  an  effective  viscosity  varying  with  the 

stress  intensity  between  upper  and  lower  limits.     It  is  shown  that  the 

character  of  this  relation  is  similar  to  that  given  by  the  empirical 

/PR\ " 
formula  Q/R^  =  K  {-jj^j   ■     The  use  of  this  equation  in  expressing  and 

interpreting  experimental  results  is  discussed. 

Intercontinental  Radiotelephone  Service  from  the  United  States}'' 
J.  J.  PiLLiOD.  Radiotelephone  service  between  the  United  States 
and  Europe  was  established  January  7,  1927  with  one  circuit  and 
with  service  to  limited  areas.  Facilities  and  service  have  been 
greatly  improved  and  extended  and  rates  have  been  reduced.  Present 
scope  of  service  is  described  and  reference  made  to  consistent  increases 
in  transatlantic  telephone  messages  handled.  This  increase  indicates 
that  this  service  is  being  found  of  increasing  value  by  the  public. 

Extent  of  ship-to-shore  radiotelephone  service  from  the  United 
States  is  outlined.  Arrangements  for  service  to  Buenos  Aires  and 
Rio  de  Janeiro  are  described,  these  differing  from  arrangements  used 
for  service  to  Europe  in  that  operation  to  these  two  cities  was  planned 
on  a  part  time  basis.     Proposed  short-wave  system  for  operation  with 

"  Presented  at  Pacific  Coast  Convention  of  A.  I.  E.  E.,  Lake  Tahoe,  Calif., 
August,  1931.     Published  in  abridged  form  in  Elec.  Engg.,  September,  1931.' 
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Bermuda  and  proposed  new  long  wave  system  to  supplement  existing 
facilities  to  Europe  are  mentioned. 

A  description  of  the  new  radiotelephone  transmitting  and  receiving 
stations  now  being  erected  at  Dixon  and  Point  Reyes,  Calif.,  respec- 
tively, is  given.  These  stations  will  be  connected  to  a  terminal  office 
at  San  Francisco  and  the  system  used  for  the  establishment  of  radio- 
telephone service  to  the  Hawaiian  Islands  and  later  on,  to  other 
transpacific  points  as  may  be  required. 

High- Frequency  Atmospheric  Noise}^  R.  K.  Potter.  A  method 
which  has  been  employed  in  the  measurement  of  high-frequency 
atmospheric  noise  is  described.  Using  this  method  measurements  of 
noise  over  the  range  from  5  to  20  megacycles  made  in  different  parts 
of  the  United  States  and  at  different  tmies  of  the  year,  show  a  distinct 
diurnal  change  in  intensity  similar  to  that  for  long-range  high-fre- 
quency signal  transmission.  Except  during  periods  of  severe  local 
disturbance  noise  on  the  lower  frequencies  is  high  during  the  night 
while  on  the  higher  frequencies  the  maximum  occurs  during  the  day. 
Simultaneous  observation  of  crashes  on  different  frequencies  also 
suggests  that  the  received  atmospherics  are  largely  transmitted  by 
overhead  paths.  The  variation  in  high-frequency  atmospheric  noise 
intensity  during  the  passage  of  local  electrical  disturbance  centers  is 
shown.  It  is  suggested  that  the  intensity  of  atmospheric  noise  gener- 
ated by  these  centers  of  electrical  disturbance  is  inversely  proportional 
to  frequency.  Measurement  data  are  included  showing  the  effect  of 
sunrise  and  sunset,  an  eclipse  of  the  sun,  and  disturbances  in  the 
earth's  magnetic  field  upon  the  intensity  of  high-frequency  atmospheric 
noise.  Diurnal  characteristics  of  high-frequency  atmospheric  noise 
on  directive  antennas  facing  England  and  South  America  and  the 
noise  reduction  obtained  by  these  arrays  are  illustrated.  The  possible 
location  of  distant  centralized  noise  sources  is  discussed  briefly. 

The  Grounded  Condenser  Antenna  Radiation  Formula}^     \V.  Howard 

Wise.     Exact  formulas  for  the  wave  function  and  vertical  electric 

field  at  the  surface  of  the  ground  are  derived  for  a  vertical  dipole  of 

zero  height. 

'8  Proc.  L  R.  E.,  October,  1931. 
^^  Proc.  I.  R.  £.,  September,  1931. 
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A  New  Key  West — Havana  Carrier  Telephone  Cable  * 

H.  A.  AFFEL,  W.  S.  GORTON  and  R.  W.  CHESNUT 

A  new  submarine  cable  has  recently  been  laid  between  Key  West  and 
Havana  in  order  to  furnish  more  telephone  facilities  between  the  United 
States  and  Cuba.  The  cable  has  a  single  central  conductor  with  concentric 
tape  return  and  employs  the  newly  developed  material  paragutta  for  insu- 
lation. A  carrier  telephone  system  provides  three  telephone  channels. 
As  ultimately  developed  a  still  greater  number  of  facilities  may  be  made 
available  over  the  cable. 

TN  January  1931,  telephone  service  was  inaugurated  over  a  new 
-^  submarine  cable  to  Cuba,  spanning  the  hundred-mile  or  more 
stretch  of  deep  water  between  Key  West  and  Havana.  Telephone 
service  to  Cuba  dates  back  about  10  years  earlier  when  three  con- 
tinuously loaded  cables  were  laid  between  Key  West  and  Havana. 
These  cables  and  their  associated  terminal  apparatus  were  completely 
described  in  a  paper  ^  by  Martin,  Anderegg,  and  Kendall,  presented  to 
the  Institute  at  its  midwinter  convention  in  1922.  The  new  cable, 
like  the  earlier  ones,  is  owned  by  the  Cuban-American  Telephone  and 
Telegraph  Company,  an  organization  controlled  jointly  by  the  Amer- 
ican Telephone  and  Telegraph  Company  and  the  Cuban  Telephone 
Company  for  the  purpose  of  providing  telephone  facilities  between  the 
United  States  and  Cuba. 

In  the  past  decade  the  communication  art  has  advanced  in  many 
respects  so  that  three  telephone  circuits  are  provided  by  carrier  oper- 
ation, using  high  frequencies,  over  this  single  improved  type  cable 
which  is  not  much  larger  than  one  of  the  three  earlier  cables. 

The  three  telephone  channels  now  made  available  are  connected  to 
carrier  telephone  channels  operating  on  open-wire  lines  northward  to 
Washington  and  thence  over  four-wire  cable  circuits  to  New  York 
where  they  terminate  as  New  York-Havana  circuits.  The  telephone 
circuits  derived  from  the  three  older  cables  now  terminate  at  Miami 
or  Key  West,  where  they  may  be  switched  to  other  distant  points. 

The  new  cable  was  designed  to  satisfy  economically  the  initial  need 

*  Presented  at  A.  I.  E.  E.  Midwinter  Convention,  Jan.  25-29,  1932,  New  York, 
N.  Y. 

^  "Key  West — -Havana  Submarine  Telephone  Cable  System,"  A.  I.  E  E.  Trans., 
Vol.  41,  p.  1,  1922. 
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for  more  circuits  by  an  adaptation  of  standard  carrier  apparatus.  The 
design  was  made  sufficiently  liberal  so  that  when  still  more  facilities 
are  required  certain  further  development  work  should  make  it  possible 
to  obtain  them  over  the  same  cable.  From  a  transmission  standpoint, 
the  feature  of  most  interest  is  the  unusually  low  receiving  levels  at 
which  operation  is  successfully  carried  on. 

The  Cable 
The  new  cable,  which  has  been  designated  the  1930  cable,  is  the 
longest  deep  sea  telephone  cable  in  existence  and  is  also  unique  in 
being  the  longest  telephone  cable  circuit  without  intermediate  re- 
peaters and  without  inductive  loading.  It  is  somewhat  longer  (3.7 
nautical  miles  *)  than  the  longest  of  the  1921  cables  and  is  operated 
over  a  far  wider  frequency  range.  The  new  cable  operates  at  fre- 
quencies up  to  about  28,000  cycles  per  second,  and  can  operate  up  to 
a  still  higher  frequency,  whereas  the  old  cables  are  operated  only  up 
to  3,800  cycles  per  second.  The  longest  deep  sea  carrier  frequency 
cable  before  the  laying  of  the  present  cable  was  that  connecting 
Tenerife  with  Gran  Canaria  in  the  Canary  Islands.  This  cable  ^  is 
non-loaded  and  is  intended  to  utilize  approximately  the  frequency 
range  now  utilized  by  the  new  cable  but  is  much  shorter,  being  only 
39.7  nautical  miles  in  length, 

Paragutta 

The  feature  of  the  new  cable  which  has  enabled  this  great  improve- 
ment to  be  attained  is  the  insulation,  which  is  of  paragutta.  This 
material  was  developed  at  the  Bell  Telephone  Laboratories  and  is 
composed  of  deproteinized  rubber,  deresinated  balata,  and  wax.  It 
has  been  described  in  detail  by  A.  R.  Kemp.^  Heretofore  submarine 
cables  having  waterproof  insulation,  with  the  exception  of  the  Catalina 
Island  cables  ^  which  are  insulated  with  a  special  rubber  mixture,  have 
almost  invariably  been  insulated  with  gutta  percha,  or  balata,  or  a 
mixture  of  these  substances,  Paragutta  has  better  electrical  properties 
than  any  of  these  materials. 

Some  idea  of  the  improvement  represented  by  paragutta  can  be 
had  from  Table  I  which  lists  the  significant  a-c.  electrical  properties 

*  One  nautical  mile  =  6087  feet  (1855  meters). 
=  1.1528  statute  miles. 

^  "Tenerife-Gran  Canaria  and  Algeciras-Ceuta  Submarine  Cables,"  K.  E.  Latimer 
and  J.  R.  Vezey,  Electrical  Communication,  Vol.  9,  p.  226,  1931. 

^  "Paragutta,  a  New  Insulating  Material  for  Submarine  Cables,"  Journal  of  the 
Franklin  Institute,  Vol.  211,  p.  37,  1931. 

*" Carrier  Current  Communication  on  Submarine  Cables,"  H.  W.  Hitchcock, 
A.  I.  E.  E.  Transactions,  Vol.  45,  p.  1169,  1926. 
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of  representative  submarine  cable  insulations.  It  is  evident  from 
these  figures  that  the  use  of  paragutta  effects  a  considerable  reduction 
in  the  size  of  a  cable  for  a  given  attenuation,  not  only  for  telephone 
cables  but  also  for  telegraph  cables.  This  decrease  in  size  is  due  both 
to  the  smaller  dielectric  constant  and  to  the  smaller  leakance.f  The 
smaller  dielectric  constant  is  equally  effective  in  reducing  the  size  of 
both  loaded  and  non-loaded  cables.     The  smaller  leakance  is  especially 

TABLE  I 

Comparative  Electric.\l  Properties  of  Gutta  Percha  and  Paragutta 

Insulations  of  Submarine  Cables  at  22  Kilocycles  per 

Second  under  Sea  Bottom  Conditions 

Dielectric         Ratio  of  Leakance 
Constant  to  Capacitance 

Gutta  Percha  (telegraph  cable) 3.3  4040 

Gutta  Percha  as  used  in  1921  Key  West-Havana  Cables.  3.1  — 

Gutta    Percha    as    used    in    Tenerife-Gran    Canaria    and 

Algeciras-Ceuta  Telephone  Cables  * 2.92  3815 

Paragutta  (Key  West-Havana  1930  Cable) 2.67  229 

*  Electrical  Communication,  Vol.  9,  p.  217,  1931. 

important  in  the  case  of  loaded  cables.  The  decrease  in  size  due  to 
the  use  of  paragutta  varies,  of  course,  with  the  size  of  the  cable.  Some 
idea  of  its  amount  may  be  obtained  from  the  fact  that  a  cable  insulated 
with  gutta  percha  of  the  sort  used  in  the  1921  cables  would  weigh 
45  per  cent  more  and  cost  about  65  per  cent  more  than  the  new  cable, 
The  use  of  this  new  material  in  the  manufacture  of  a  cable  gave  rise 
to  numerous  problems,  one  of  which  deserves  particular  mention, 
namely  that  of  jointing  the  paragutta.  A  new  technique  of  jointing 
was  developed  which  not  only  produces  good  joints  in  paragutta- 
insulated  cable  but  also  produces  better  joints  in  gutta  percha-insulated 
cable  than  can  be  made  by  the  conventional  process  which  has  been 
in  general  use  since  gutta  percha  cables  were  first  manufactured. 

Cable  Design 

The  1930  cable  is  similar  in  type  to  the  1921  cables  except  that  it  is 

not  loaded.     It  is  provided  with  copper  return  tapes  ^  and  also  with 

a  thin  copper  tape  under  the  return  tapes  for  protection  against 

marine  organisms.     The  principle  of  the  electrical  design  of  the  cable 

was  to  strike  an  economic  balance  between  all  of  the  factors  affecting 

the  attenuation  and  thus  to  secure  a  cable  of  the  desired  attenuation 

at  the  lowest  possible  cost.     The  result  of  this  procedure  is  a  core 

structure  having  a  much  greater  thickness  ®  of  insulation  compared 

t  The  term  leakance,  as  used  here,  includes  all  energy  losses  in  the  dielectric. 
^  "Transmission  Characteristics  of  the  Submarine  Cable,"  Carson  and  Gilbert, 
Jourtial  of  the  Frmiklm  histitule,  Vol.  192,  p.  705,  1921. 

•  British  Patent  No.  343093,  May  7,  1931. 
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with  the  diameter  of  the  central  conductor  than  is  the  case  with  low- 
frequency  cables,  either  telephone  or  telegraph.  The  particular  factor 
contributing  to  this  result  is  the  large  skin  effect,  which  occurs  prin- 
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I-'ig.  1 — Submarine  telephone  cables  between  Key  West  and  Havana,  and 
U.  S.  land  line  connection. 


cipally  in  the  central  conductor  but  also  appreciably  in  the  return 
tapes.  The  ratio  of  the  a-c.  to  the  d-c.  resistance  increases  at  a  rapid 
rate  if  the  central  conductor  and  return  tapes  are  made  heavy  in  an 
attempt  to  reduce  the  weight  of  the  insulation.     At  carrier  frequencies 
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the  effect  of  the  armor  wire  is  negUgible  from  the  attenuation  stand- 
point. Magnetic  modulation  due  to  the  presence  of  the  armor  wire 
was  investigated  carefully  and  likewise  found  to  be  negligible.  The 
lay,  or  pitch,  of  the  copper  return  tapes  was  made  much  longer  ^  than 
was  the  case  in  the  1921  cables.  This  brought  about  a  substantial 
decrease  in  the  effective  resistance  of  the  tapes  themselves  and  reduced 
the  eddy-current  losses  which  are  due  to  the  helical  nature  of  the 
return  tapes. 

In  all  matters  of  mechanical  design  accepted  cable  practice  was 
followed.  A  discussion  of  some  of  the  mechanical  features  of  cable 
design,  as  well  as  some  account  of  the  general  submarine  cable  problem, 

KEY   WEST  DISTANCE  ALONG  THE  COURSE   OF  THE  CABLE  HAVANA 

O  10        20        30       40        50        60        70        80       90         100      110       N  M. 
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Fig.  2 — Depth  of  water  along  route  of  cable. 


has  been  gi\en  by  Martin,  Anderegg,  and  Kendall  in  the  paper  above 
referred  to. 

The  new  cable  is  108.6  nautical  miles  (125.2  statute  miles)  in  length. 
It  was  manufactured  by  the  Norddeutsche  Seekabelwerke-x'\.G.  of 
Nordenham,  Germany  and  laid  by  their  cable  steamer  "Neptun." 
Its  route  is  shown  in  Fig.  1 ,  and  the  profile  of  the  route  in  Fig.  2.  The 
maximum  depth  attained  is  1080  fathoms  (6480  feet).  The  particulars 
of  the  core  structure  are  given  in  Table  II  and  those  of  the  armor  in 
Table  III.  Cross-sections  of  the  various  types  of  cable  are  shown  in 
Fig.  3.  A  photograph  of  three  of  the  types  is  shown  on  Fig.  4.  The 
attenuation  of  the  cable  and  its  characteristic  impedance  are  shown 
in  Figs.  5  and  6,  respectively.  The  attenuation  is  characteristic  of  a 
non-loaded  cable  in  that  it  increases  rapidly  at  low  frequencies  but 
less  rapidly  at   high   frequencies  whereas   the   reverse   is   true,   in   a 

^  U.  S.  Patent  No,  1700476,  January  29,  1929. 
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general  way,  of  the  loaded  cable.  This  is  shown  by  the  attenuation 
curve  of  one  of  the  1921  cables  which  is  given  in  Fig.  5  for  comparison. 
The  d-c.  properties  of  the  laid  cable  are  shown  in  Table  IV. 

TABLE   II 
Core  Structure  of  Key  West-Havana  Cable  No.  4 

Central  Conductor 

Central  Wire Diameter  .138  In. 

Surrounds 6  tapes  .0142  in.  X  .079  in. 

Weight  of  Whole 505  Ibs./n.m. 

Diameter  of  W^hole 167  in. 

Impregnating  Compound 0024  in.  thick 

Insulation 

Weight  (Including  Compound! 677  Ibs./n.m. 

Outer  Diameter 614  in. 

Fabric  Tape 010  in.  thick 

Protective  Tape  (Copper) 1     in.  X  .004   in.    with    10% 

overlap 

Weight 209  Ibs./n.m. 

Return  Conductor 6  tapes  .319  in.  X  .019  in. 

Weight 845  Ibs./n.m, 

Outer  Diameter 681  in. 

Ozokerite  Tape 

Outer  Diameter 704  in. 

TABLE  III 
Armor  for  Key  West-Havana  Cable  No.  4 


Type  of 

Armor 

Length  Laid 
n.m. 

Armor  Wires 

Weight  of  Completed  Cable 

Outer 

No.  of 
Wires 

Diameter 
(Inches) 

(1)  Wet 

(lbs. 

(2)  In  Water 
per  n.m.) 

of  Cable 
(Inches) 

Ai.c. 

A 

B 

D 

.40 
21.94 
17.50 
68.79 

13 
12 
16 

22 

.300 
.300 
.200 
.104  e.w.t. 

29300 

24000 

16140 

8990 

21660 

17380 

11000 

5115 

1.93 
1.81 
1.57 
1.30 

I.e.  =  lead  covered. 
e.w.t.  =  each  wire  taped. 

TABLE  IV 

Conductor   Resistance,   Dielectric  Resistance  and  D-C.  Capacity  of  Key 
West-Havana  Cable  No.  4  as  Laid 

Conductor  (Central)  Resistance 242  ohms 

Dielectric  Resistance 1090  megohms 

Capacity 22.52  microfarads 

One  respect  in  which  the  present  cable  differs  from  the  1921  cables 
is  that  it  has  a  single-core  termination  instead  of  an  unbalanced-type 
twin-core  termination.^     Experience  with  the  1921  cables  has  shown 

*"  Extraneous  Interference  on  Submarine  Telegraph  Cables,"  J.  J.  Gilbert,  Bell 
System  Technical  Journal,  Vol.  5,  p.  404,  1926. 
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that  there  is  no  advantage  from  the  standpoint  of  the  reduction  of 
atmospheric  and  other  extraneous  interference  to  be  had  from  the 
use  of  an  unbalanced  twin-core  termination  in  a  cable  provided  with 
copper  return  tapes.  A  balanced  twin-core  termination  would  be 
effective  in  reducing  interference  but  certain  disadvantages  would  be 
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Fig.  3 — Cross-sections  of  the  various  types  of  cable. 

connected  with  its  use.  \'ery  little  shielding  beyond  that  naturally 
furnished  by  the  sea  water  is  needed  and  that  additional  amount  is 
furnished  by  a  wrought  iron  pipe  enclosing  the  cable  between  the  cable 
hut  and  the  level  of  the  lowest  tides. 

Carrier  System 
As  noted  previously,  in  providing  carrier  apparatus  to  make  use  of 
the  high-frequency  transmission  properties  of  the  new  cable,  an  effort 
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was  made  to  use  existing  standard  types  of  equipment  as  far  as  possible. 
The  three  telephone  channels  are  now  obtained  by  an  adaptation  of 
carrier  apparatus  ordinarily  ^  used  for  long-distance  transmission  over 
open-wire  lines. 

The  six  frequency  bands  (one  for  each  direction  for  the  three  chan- 
nels) are  allocated  as  shown  in  Fig.  7.  A  d-c.  telegraph  channel  is 
also  indicated.  This  figure  likewise  shows  the  frequency  allocation 
of  the  one  telephone  and  four  telegraph  channels  (three  carrier  and 


Fig.  4 — ^Shore  end  (core  not  lead  covered)   intermediate,  and  deep  sea 
types  of  cable. 


one  direct  current)  now  carried  over  each  of  the  three  older  cables. 
It  will  be  noted  that  the  band  width  of  the  new  telephone  channels  is 
considerably  greater  than  that  of  the  old  ones,  thus  furnishing  higher 
quality  speech  transmission.  In  addition,  a  considerable  range  of 
frequencies  remains  unused  on  the  new  cable.  This  range  may  be 
developed  when  additional  message  telephone,  broadcasting,  or 
telegraph  facilities  are  needed. 

In  adapting  the  existing  type  carrier  apparatus  for  operation  over 
the  new  cable,  the  problems  consisted  chiefly  in  (a)  providing  for  satis- 
factory transmission  over  a  circuit  of  considerably  higher  attenuation 
than  the  apparatus  was  originally  designed  for  and  {b)  providing  the 

'"Carrier  Systems  on  Long  Distance  Telephone  Lines,"  Affel,  Demarest  and 
Green,  A.  I.  E.  E.  Transactions,  Vol.  47,  p.  1360,  1928. 
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necessary  transformers  to  connect  together  the  parts  of  the  circuit 
having  different  impedances. 

The  carrier  apparatus  is  installed  in  existing  telephone  offices  at 
Key  West  and  Havana.  In  each  case  the  office  is  somewhat  over  one 
mile  from  the  cable  hut  at  the  water's  edge.  The  submarine  cable 
circuit  is  connected  to  the  apparatus  in  the  offices  through  pairs  of 
wires  in  an  underground  cable  of  the  paper-insulated  lead-covered 
type,  which  also  carries  the  circuits  of  the  older  cables.     In   Fig.  8 
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Fig.  5 — Attenuation  of  1921  and  1930  cables. 


are  shown  schematically  the  connections  of  the  whole  cable  com- 
munication system.  The  arrangements  are  practically  identical  at  the 
two  terminals  except  for  differences  incident  to  the  fact  that  different 
frequency  bands  are  transmitted  in  the  two  directions. 

Certain  coils  and  condensers  are  located  at  the  cable  hut.  A  trans- 
former connects  the  unbalanced  50-ohm  submarine  cable  to  the 
balanced-to-ground  130-ohm  pair  in  the  lead-covered  cable.  The 
other  coils  and  condensers  form  a  "composite  set"  which  connects 
the  submarine  cable  to  a  second  pair  in  the  lead-covered  cable  in  order 
to  transmit  direct  current.  This  may  be  used  as  a  d-c.  telegraph 
channel  or  as  an  insulation  testing  circuit. 

The  carrier  equipment  in  the  telephone  office  may  be  considered  in 
two  categories:  (a)  that  which  is  derived  from  standard  open-wire 
carrier  systems  as  described  in  the  paper  previously  referred  to,  and 
(&)  that  which  is  additional  and  special  for  this  installation. 
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Fig.  6 — Impedance  of  1930  cable,  terminated  in  its  characteristic  impedance 
at  Havana,  as  measured  at  Key  West. 
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The  additional  equipment  consists  chiefly  of  added  receiving 
amphfiers  and  directional  filters  to  care  for  the  greater  gain  and 
selectivity  needed  to  operate  at  the  higher  attenuation.  It  includes 
also  equalizers  which  correct  for  the  varying  attenuation  of  the  cable 
with  frequency  and  a  transformer  to  connect  the  600-ohm  apparatus 
to  the  130-ohm  pair  in  the  underground  lead-covered  cable.  Also, 
at  Key  West,  a  34-kc.  low-pass  filter  was  added  to  suppress  interference 
from  a  local  radio  station  having  a  frequency  of  about  100  kc.  At 
Havana,  a  5-kc.  high-pass  filter  was  added  to  suppress  certain  relatively 
low-frequency  noises  picked  up  by  the  circuits  in  the  underground 
cable. 
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Fig.  7 — Frequency  allocation  of  communication  channels  on  Key  West- 
Havana  cables. 

A  photograph  of  the  apparatus  installed  in  the  Key  West  ofifice  is 
shown  in  Fig.  9.  It  will  be  noted  that  this  consists  of  four  "bays" 
of  apparatus,  the  three  nearer  of  which  are  practically  the  same  as  the 
carrier  equipment  ordinarily  supplied  on  long-distance  telephone 
circuits.  The  fourth  bay  has  the  special  amplifying  and  equalizing 
equipment  previously  mentioned.  A  rear  view.  Fig.  10,  shows  the 
interior  of  one  of  the  special  amplifiers,  including  certain  of  the  special 
impedance-correcting  transformers.  Apparatus  of  a  similar  nature  is 
installed  at  Havana. 


Certain  Transmissio7i  Problems 

Fig.  11  shows  the  relative  energy  of  the  carrier-frequency  speech 
currents  as  they  traverse  the  circuit  from  Havana  to  Key  West.  In 
this  direction  the  higher  carrier  frequencies  are  employed.  Starting 
from  the  left  of  the  diagram,  the  toll  switchboard  point,  which  is  taken 
as  zero  level,  the  current  of  a  channel  suffers  a  loss  of  9  db  in  a  re- 
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of  apparatus,  the  three  nearer  of  which  are  practically  the  same  as  the 
carrier  equipment  ordinarily  supplied  on  long-distance  telephone 
circuits.  The  fourth  bay  has  the  special  amplifying  and  equalizing 
equipment  previously  mentioned.  A  rear  view,  Fig.  10,  shows  the 
interior  of  one  of  the  special  amplifiers,  including  certain  of  the  special 
impedance-correcting  transformers.  Apparatus  of  a  similar  nature  is 
installed  at  Havana. 
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Fig.  11  shows  the  relative  energy  of  the  carrier-frequency  speech 
currents  as  they  traverse  the  circuit  from  Havana  to  Key  West.  In 
this  direction  the  higher  carrier  frequencies  are  employed.  Starting 
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Pig  9_Carrier  terminal  apparatus  at  Key  West. 
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sistance  attenuator  which  is  introduced  in  the  circuit  to  give  flexibihty 
in  control.  This  loss  can  be  reduced  in  value  to  improve  transmission 
in  the  case  of  connections  to  distant  points.  As  the  speech  currents 
enter  the  carrier  apparatus  they  receive,  in  addition  to  the  frequency 


Fig.  10 — Rear  view  of  carrier  terminal  apparatus  at  Key  West 
showing  special  amplifier  and  transformers. 

change,  an  amplification  of  from  5  to  10  db  in  the  modulator  unit  and 
from  10  to  20  db  in  the  transmitting  amplifier.  The  highest  frequency 
channel  receives  the  highest  gain  and  leaves  the  common  transmitting 
amplifier  at  a  level  about  20  db  higher  than  at  the  toll  switchboard. 


210 


BELL   SYSTEM    TECHNICAL   JOURNAL 


From  here  the  currents  leave  for  Key  West  by  way  of  the  underground 
cable,  the  cable  hut,  and  the  submarine  cable  itself. 

The  highest  frequency  channel  is  attenuated  somewhat  over  80  db 
by  the  time  it  reaches  the  receiving  apparatus  at  Key  West.  Here  it 
is  stepped  up  about  70  db  by  the  amplifiers,  from  the  output  of  which 
it  suffers  a  few  db  loss  in  the  demodulator  circuit  and  9  db  loss  in  the 
receiving  attenuator  circuit.  If  the  connection  is  continued  to  another 
toll  office,  such  as  Miami  or  New  York,  this  attenuator  is  adjusted  to 
give  a  9  db  loss  between  the  hybrid  coil  at  Key  West  and  the  receiving 
toll  switchboard  in  question. 
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Fig.  11 — Relative  transmission  levels  in  circuit  from  Havana  to  Key  West. 


The  problem  of  satisfactory  transmission  of  the  speech  currents  in 
this  path  involves  several  specially  critical  points.  The  transmitting 
amplifier  must  amplify  to  the  high  levels  required  without  modulating 
sufficiently  to  produce  troublesome  new  frequencies  falling  within  its 
own  group  of  frequency  bands.  New  frequencies  produced  by  the 
amplifier  and  falling  outside  this  group  are  suppressed  by  the  direc- 
tional filters  and  cause  no  trouble.  Additional  possible  sources  of 
modulation  are  the  directional  filters  and  impedance  matching  trans- 
formers. They  must  transmit  the  high  level  currents  coming  from  the 
amplifier  but  must  not  modulate  them  sufficiently  to  produce  trouble- 
some new  frequencies  falling  within  the  oppositely  directed  group  of 
bands.     The  latter  are  at  an  exceedingly  low  level  and  so  the  modula- 
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tion  in  these  circuit  elements  must  be  kept  extremely  small.  Some  or- 
dinary resistances,  mica  condensers,  etc.,  have  been  found  to  have 
enough  modulation  to  be  serious.  Ordinary  iron  core  transformers  are 
likely  to  be  very  bad.  Special  design  was  required  to  reduce  the  modu- 
lation in  the  impedance  matching  transformers  to  tolerable  limits. 

Noise  Prevention 

As  noted  previously,  at  the  receiving  end  the  important  problem  is 
naturally  to  keep  the  low  level  receiving  circuit  free  from  interference. 
In  taking  the  necessary  precautions  along  these  lines,  a  large  number 
of  sources  of  noise  were  investigated.  These  included  crosstalk  from 
other  carrier  telephone  or  telegraph  systems,  high-frequency  oscil- 
lations set  up  by  d-c.  telegraph  apparatus  in  the  vicinity,  radio  stations, 
power  wires,  submarine  telegraph  cables,  and  many  minor  sources. 

Space  requirements  prevent  a  complete  discussion  of  this  work  but 
a  tabulation  of  a  few  of  the  remedial  measures  may  be  interesting. 

Special  filters  in  all  telephone  office  power  supply  sources. 

Special  shielding  arrangements  in  the  construction  of  the  re- 
ceiving amplifiers. 

Series  "choke"  coils  in  all  the  d-c.  telegraph  circuits  which 
enter  the  underground  cable. 

D-c.  telegraph  apparatus  in  the  office  with  special  "spark- 
killer"  and  high-frequency  suppression  units. 

Frequency  limiting  apparatus  in  the  Commercial  Cable  Com- 
pany's submarine  telegraph  circuit. 

Frequency  limiting  filters  in  the  carrier  telegraph  circuits  of 
the  1921  cables. 

Special  shielding  to  reduce  induction  from  the  other  carrier 
telephone  equipment  in  the  terminal  offices. 

Improvement  in  the  balance  (to  ground)  of  some  of  the  appa- 
ratus previously  installed. 

Various  special  grounds  in  the  apparatus  and  cable  circuits 
both  at  the  telephone  office  and  in  the  cable  hut. 

Of  particular  interest  was  the  case  where  the  Commercial  Cable 
Company's  submarine  telegraph  circuits  from  Havana  to  New  York, 
a  communication  facility  of  low  inherent  frequency  range,  interfered 
with  the  carrier  channels,  having  frequencies  up  to  28  kc,  by  induc- 
tion in  the  underground  cable  through  which  both  circuits  passed. 
In  this  case,  by  the  generous  cooperation  of  the  Commercial  Cable 
Company,  frequency  limiting  equipment  was  added  to  their  cable 
transmitter. 
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The  application  of  these  various  measures  served  to  reduce  the  total 
noise  manifest  at  Key  West  and  Havana  by  a  factor  of  from  40  to 
60  db  so  that  as  now  operated  the  noise  from  all  other  sources  is  of  the 
same  order  of  magnitude  as  that  picked  up  in  the  submarine  cable 
itself,  which  is  extremely  small  at  the  high  frequencies.  It  approaches 
that  of  the  Johnson  effect '"  or  so-called  resistance  noise,  in  which  the 
conductor  itself  acts  as  a  source  of  voltage  fluctuations  which  are 
distributed  uniformly  over  the  whole  frequency  spectrum.  The 
Johnson  effect  presents  a  definite  lower  level  limit  to  all  communication 
circuits. 

Future  Possibilities 

The  present  arrangements  do  not  represent  the  ultimate  possibilities 
in  communication  facilities  which  the  new  cable  affords.  As  previ- 
ously noted,  if  traffic  requirements  continue  to  grow,  so  that  more 
facilities  are  required,  a  wider  frequency  range  may  be  employed  and 
additional  channels  obtained.  Certain  further  development  work  will 
be  required  and  it  is  believed  that  at  least  three  more  telephone 
channels  can  be  provided.  In  addition,  if  telegraph  circuits  are  re- 
quired, carrier  telegraph  systems  may  be  operated  in  place  of  one  or 
more  of  the  telephone  channels.  For  example,  if  the  ultimate  capacity 
of  the  cable  is  a  total  of  six  telephone  channels,  a  possible  arrangement 
would  be  to  employ  two  of  these  telephone  channels  for  carrier  tele- 
graph circuits.  The  cable  may  then  carry  simultaneously  a  total  of 
four  telephone  messages  and  24  or  more  two-way  telegraph  messages. 

1"  "Thermal  Agitation  of  Electricity  in  Conductors,"  J.  B.  Johnson,  Physical 
Review,  July  1928,  p.  97-109. 


Cellulose  Acetate  Treatment  for  Textile  Insulation  — 
Engineering  Development 

By  E.  B.  WOOD  and  D.  R.  BROBST 

The  development  of  a  cellulose  acetate  lacquer  treatment  for  textile 
insulated  wire  has  made  available  an  improved  type  of  wire  for  telephone 
central  office  use.  The  desired  improvement  in  electrical  characteristics  is 
obtained  when  the  textile  fibers  are  laid  down  and  covered  by  the  cellulose 
acetate  film. 

The  accompanying  graphs  show  the  comparative  electrical  characteris- 
tics at  various  humidities,  of  wires  insulated  with  commercial  and  purified 
cotton  and  silk  servings,  before  and  after  treatment  with  cellulose  acetate 
lacquer. 

Introduction 

THE  improved  standards  of  transmission  required  for  present-day 
telephone  communication  have  greatly  increased  the  importance 
of  improved  electrical  characteristics  for  telephone  central  office  wire 
insulation.  At  the  same  time  the  tremendous  growth  of  telephone 
systems,  together  with  the  increase  in  complexity  of  central  office 
equipment  due  to  the  introduction  of  dial  switching  apparatus,  has 
increased  the  quantity  of  insulated  wires  required  to  such  an  extent 
that  the  use  of  comparatively  cheap  materials  is  a  matter  of  large 
economic  importance.  Silk  and  cotton  yarns  applied  in  the  form  of 
wrappings  or  braidings  have  been  the  standard  materials  for  telephone 
central  office  wire  insulation  for  many  years.  These  materials  in 
proper  combinations  and  supplemented  in  certain  cases  by  enamel 
and  impregnating  waxes  provide  sufficient  dielectric  strength  to  with- 
stand the  comparatively  low  voltages  employed  to  operate  telephone 
apparatus.  This  type  of  insulation  also  fulfills  certain  controlling 
mechanical  requirements,  in  that  it  occupies  small  space,  is  not  easily 
damaged  by  normal  handling  and  can  be  applied  in  a  large  number 
of  color  combinations.  On  the  other  hand,  there  are  disadvantages 
attendant  upon  the  use  of  textile  insulation,  the  most  serious  of  which 
is  the  wide  variation  in  insulating  properties  of  such  materials  under 
different  conditions  of  atmospheric  humidity  and  temperature,  caused 
mainly  by  changes  in  the  moisture  content  of  the  materials. 

The  efforts  which  have  been  made  to  improve  textile  insulation  in 
this  respect  have  had  a  two-fold  objective,  namely,  to  provide  at 
moderate  cost  a  super-quality  insulation  for  use  where  it  is  important 
to  have  the  best  electrical  characteristics  obtainable,  and  to  improve 
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cotton  sufficiently  to  permit  its  use  instead  of  silk  as  far  as  possible 
for  general  purposes.  The  latter  has  considerable  direct  economic 
importance  because  of  the  large  difference  in  cost  of  insulating  silk 
and  cotton  and  the  quantities  of  the  materials  involved. 

Within  the  past  three  years,  two  methods  of  improving  the  electrical 
characteristics  of  textile  insulation  have  been  brought  into  commercial 
use.  The  first  is  the  purification  of  silk  and  cotton  whereby  electro- 
lytic impurities  such  as  sodium  and  potassium  salts  inherent  in  the 
commercial  materials  are  removed  by  a  simple  and  inexpensive  washing 
process.^  The  second  is  the  treatment  of  textile  insulated  wire  with 
cellulose  acetate,  which  is  the  subject  of  discussion  in  this  paper  and 
the  contemporary  paper  "Cellulose  Acetate  Treatment  for  Textile 
Insulation-Development  of  the  Manufacturing  Process"  by  Messrs. 
C.  R.  Avery  and  H.  Kress. 

Cellulose  acetate  became  of  interest  in  connection  with  insulation 
problems  several  years  ago,  when  it  was  investigated  in  the  form  of 
artificial  silk  for  use  as  a  substitute  for  natural  silk  in  wire  and  cable 
insulation.  At  that  time,  the  material  was  found  to  possess  excellent 
electrical  characteristics  and  satisfactory  stability,  but  it  did  not  prove 
to  be  economically  satisfactory  as  a  general  substitute  for  silk  because 
the  physical  characteristics  of  the  yarn  made  its  use  on  standard  high 
speed  insulating  machinery  difficult.  Application  of  the  material  in 
the  form  of  a  lacquer  to  cotton  or  silk  insulation  appeared  to  offer 
more  promise  and  has  proven  advantageous,  as  will  appear  from  the 
following  discussion.  The  treatment,  as  now  applied  to  telephone 
central  office  wire  insulation,  consists  in  the  formation  of  a  coating  of 
the  material  on  the  textile  insulated  conductor,  by  passing  the  con- 
ductor through  an  acetone  solution  of  pure  cellulose  acetate  and  sub- 
sequent evaporation  of  the  solvent.  Pure  cellulose  acetate  without 
the  addition  of  a  plasticizer  is  used,  because  thus  far  it  has  been  found 
more  satisfactory  than  a  compounded  material  as  regards  the  con- 
trolling requirements  for  central  office  wire  insulation,  namely  good 
electrical  characteristics,  slow  burning  properties  and  stability.  There- 
fore, this  discussion  is  confined  to  the  characteristics  and  use  of  the 
pure  material. 

Properties  of  Cellulose  Acetate 

In  the  investigation  of  a  material  to  be  used  for  insulating  purposes, 

it  is  necessary  to  examine  the  processes  by  which  the  material  is  manu- 

1  "The  Predominating  Influence  of  Moisture  and  Electrolytic  Material  upon 
Textiles  as  Insulators,"  R.  R.  Williams  and  E.  J.  Murphy,  A.  I.  E.  E.  Transactions, 
April,  1929.  "Purified  Textile  Insulation  for  Telephone  Central  Office  Wiring," 
H.  W.  Glenn  and  E.  B.  Wood,  .1.  /.  E.  E.  Transactions,  April,  1929. 
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factured  to  determine  whether  there  is  anything  inherent  in  these 
processes  which  would  affect  the  use  of  the  product.  This  is  particu- 
larly pertinent  in  the  case  of  an  insulating  material  which  is  to  be 
used  for  a  period  of  twenty  years  or  more,  as  in  a  telephone  exchange. 

The  manufacture  of  cellulose  acetate  is  described  briefly  by  the 
following  operations: 

In  the  first  or  acetylation  process,  cellulose  fibers,  usually  cotton, 
are  treated  with  glacial  acetic  acid  and  acetic  anhydride,  together  with 
a  catalyst  such  as  sulphuric  acid,  until  the  fibers  are  completely  ace- 
tylated  and  pass  into  solution.  The  acetate  obtained  at  this  stage  is 
brittle,  of  low  tensile  strength  and  insoluble  in  the  commercial  solvents. 
Therefore,  the  solution  is  subjected  to  a  hydrolizing  process  in  which 
water  is  added  and  the  mixture  allowed  to  stand  until  hydrolysis  has 
been  carried  to  the  point  at  which  the  cellulose  acetate  becomes  acetone 
soluble.  The  acetyl  content  is  somewhat  reduced  in  this  step  and 
serves  as  an  index  to  the  extent  of  hydrolysis.  The  solution  is  then 
poured  into  water  and  the  cellulose  acetate  precipitated,  after  which 
it  is  given  a  purification  treatment  until  the  mass  is  free  from  acid  and 
then  dried  in  warm  air. 

The  completed  product  is  a  porous,  flaky  mass,  white  in  color,  which, 
when  dissolved  in  acetone,  gives  a  solution  nearly  colorless  but  with 
a  slight  amber  tinge. 

From  the  above  outline  of  the  processes  of  manufacture,  the  impor- 
tance of  the  acetyl  content  of  the  product  is  obvious.  If  the  acetyl 
content  is  too  high,  the  material  is  not  soluble  in  acetone  and  if  the 
acetyl  content  is  too  low,  the  hydrolysis  has  been  carried  too  far  and 
the  acetate  becomes  partly  soluble  in  water.  Such  an  acetate  would 
be  unsatisfactory  for  insulation  on  account  of  inferior  electrical  char- 
acteristics under  humid  atmospheric  conditions. 

By  changes  in  control  of  the  acetylation  and  hydrolizing  processes 
various  kinds  of  cellulose  acetate  may  be  obtained  which,  with  the 
same  general  composition  and  acetyl  content,  give  different  viscosities 
of  solution  when  dissolved  in  a  solvent.  For  example,  films  for  experi- 
mental purposes  have  been  made  from  cellulose  acetates  which  vary 
in  viscosity  as  much  as  a  hundred  fold  with  the  same  proportions  of 
cellulose  acetate  and  solvent.  For  lacquer  and  films,  a  low  viscosity 
acetate  is  employed,  while  for  plastics,  cellulose  acetates  of  high  vis- 
cosity are  usually  specified. 

For  use  as  insulation,  it  is  necessary  that  the  acetate  be  stable 
throughout  the  life  of  a  telephone  exchange.  In  other  words,  it  must 
retain  its  good  electrical  characteristics  and  transparency  for  a  period 
of  twenty  years  or  more  though  exposed,  as  it  will  be,  to  variations  of 
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temperature,  indoor  sunlight  exposure  and  atmospheric  moisture. 
From  the  standpoint  of  stabiHty,  especially  as  regards  a  possible  in- 
creased rate  of  deterioration  with  time,  it  is  important  that  the  mate- 
rial shall  be  essentially  free  from  impurities  which  might  be  introduced 
in  the  acetate  manufacturing  process. 

Cellulose  acetate  film  has  very  desirable  electrical  properties  char- 
acterized by  high  dielectric  strength,  low  conductivity  and  low  a-c. 
capacitance  and  conductance.  It  absorbs  much  less  moisture  than 
silk,  cotton  or  wool.  It  has  a  specific  gravity  of  about  1.25  and  a 
dielectric  constant  of  from  5.5  to  6.0  at  1,000  cps.  under  atmospheric 
conditions  of  70°  F.  and  50  per  cent  relative  humidity. 

The  acetate  film  is  strong  and  tough  and  not  easily  injured  by  han- 
dling. The  transparency  of  the  film  is  such  that  the  colored  threads 
used  in  the  color  scheme  for  identification  purposes  in  telephone  wires 
and  cables  can  be  readily  seen  through  the  acetate  coating. 

Cellulose  acetate  film  is  very  stable  under  normal  conditions  and 
when  exposed  to  artificial  aging  tests.  Tests  made  in  the  Labora- 
tories with  acetate  film  exposed  to  high  humidities  and  high  tempera- 
tures for  several  years  indicated  that  there  was  very  little  deterioration 
of  the  film  in  its  electrical  or  other  physical  properties.  The  electric 
characteristics  of  the  film  were  not  appreciably  affected  by  this  expo- 
sure and  no  discoloration  of  the  film  was  apparent. 

As  compared  to  cellulose  nitrate,  cellulose  acetate  is  a  much  more 
desirable  material  on  account  of  its  slow-burning  characteristics,  and 
the  fact  that  the  gases  given  off  on  the  combustion  of  the  acetate  are 
comparatively  non-toxic.  From  these  standpoints  the  hazards  in- 
volved in  the  use  of  the  nitrate  preclude  its  use  in  the  telephone  central 
office.  Acetate  film  does  not  turn  yellow  with  age  to  the  same  extent 
as  the  nitrate  film. 

Pure  cellulose  acetate  film  is  somewhat  hard  and  brittle.  This  is,  of 
course,  a  disadvantage  because  it  tends  to  make  the  treated  wire  less 
flexible  than  wire  with  untreated  insulation  which  introduces  new 
problems  in  the  handling  of  the  treated  wire.  A  large  amount  of  work 
has  been  done  with  a  view  to  obtaining  a  plasticizer  for  cellulose 
acetate  which  will  add  the  property  of  flexibility  to  the  film  without 
affecting  the  desirable  characteristics  which  the  pure  acetate  film  now 
possesses.  The  problem  of  obtaining  such  a  plasticizer  is  difficult 
inasmuch  as  the  general  tendency  of  such  materials  is  to  impair  the 
electrical  characteristics,  lower  the  tensile  strength,  and  increase  the 
inflammability  of  the  film  when  used  in  amounts  sufficient  to  produce 
a  film  of  desired  flexibility. 
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Treatment  of  Textile  Insulated  Wire 
The  cellulose  acetate  treatment  of  wire  consists  essentially  in  passing 
the  textile  insulated  conductor  through  a  thin  solution  of  cellulose 
acetate  dissolved  in  acetone,  then  through  a  wiping  die  to  remove  the 
excess  lacquer  and  finally  into  a  heated  drying  chamber  where  the 
solvent  is  evaporated.  This  process  is  repeated  several  times,  usually 
six,  to  build  up  a  film  of  satisfactory  thickness  and  smoothness.  The 
application  of  heat  in  the  drying  process  is  necessary  for  two  reasons. 
F"irst,  the  evaporation  of  the  solvent  tends  to  lower  the  temperature 
of  the  wire  considerably  and  if  the  temperature  falls  below  the  dew 
point  of  the  surrounding  air,  moisture  will  condense  on  the  wet  lacquer 
film,  causing  it  to  turn  white  and  opaque.  In  the  second  place,  the 
evaporation  of  the  solvent  must  be  rapid  in  order  that  the  speed  of 
the  wire  through  the  lacquering  machine  may  be  such  as  to  make 
application  of  the  treatment  to  large  quantities  of  wire  commercially 
practicable. 

In  the  earlier  stages  of  the  investigation,  the  insulated  wire  was 
thoroughly  dried  before  being  treated  to  eliminate  the  moisture  in  the 
textile.  In  addition,  the  wire  was  treated  under  vacuum  with  the 
object  of  thoroughly  impregnating  the  whole  textile  covering  and  pre- 
venting entrance  of  moisture  into  the  textile  after  the  impregnating 
process  was  completed.  However,  it  was  found  that  even  with  vacuum 
impregnation,  the  cellulose  acetate  did  not  penetrate  the  insulation  to 
an  appreciable  depth,  although  the  solvent  appeared  to  penetrate  to 
the  conductor  and  thoroughly  wet  the  insulating  materials.  Also,  it 
was  found  that  the  coating  of  cellulose  acetate  did  not  prevent  the 
entrance  of  moisture  into  the  textile  to  any  appreciable  extent. 

In  consideration  of  these  facts,  it  was  concluded  and  confirmed  by 
tests  that  the  improvement  in  electrical  characteristics  of  cellulose 
acetate  treated  wire  under  conditions  of  high  humidity  is  due  mainly 
to  the  barrier  of  high  resistance  lacquer  film  interposed  in  the  leakage 
paths  formed  by  moisture  in  the  textile  insulation.  It  may  be  seen 
from  Fig.  1  that  the  fibers  of  untreated  cotton  insulation  project  in 
all  directions,  and  in  a  twisted  pair,  interweave  to  increase  the  effec- 
tive area  of  contact  between  the  conductors  and  provide  a  medium  for 
direct  leakage  paths  when  moisture  is  present.  With  the  fibers 
smoothed  down  and  covered  by  the  application  of  several  layers  of 
lacquer  film,  the  effective  area  of  contact  is  decreased  and  any  leakage 
which  takes  place  must  be  either  through  or  across  this  relatively  high 
resistance  film.  In  confirmation  of  this  conclusion,  it  has  been  found 
by  repeated  tests,  that  a  very  reliable  indication  of  the  improvement 
in  electrical  characteristics  which  may  be  expected  in  a  treated  wire  is 
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obtained  by  observing  the  extent  to  which  the  textile  fibers  have  been 
laid  and  covered  by  the  lacquer  film.  If  the  surface  of  the  wire  is 
smooth  and  practically  free  from  projecting  fibers  as  is  shown  in  the 
photograph,  the  wire  may  be  expected  to  exhibit  normal  improvement. 
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Fig.  1 — Textile  insulated  22-gauge  wires  before  and  after  treatment  with  cellulose 
acetate.  The  cellulose  acetate  covering  prevents  direct  contact  between  textile 
fibres  of  adjacent  wires  and  reduces  current  leakage. 

For  example,  when  textile  insulated  conductors  are  twisted  and  then 
treated  with  cellulose  acetate,  practically  no  improvement  in  electrical 
characteristics  of  the  pair  is  obtained,  because  the  interlocking  fibers 
of  the  two  conductors  which  provide  the  direct  leakage  paths  are  not 
separated.     A  similar  effect  has  been  observed  in  the  treatment  of  coils 
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wound  with  textile  insulated  wire.  If  the  treatment  is  applied  to  the 
wire  before  winding,  the  desired  improvement  in  stability  of  the  con- 
stants is  obtained.  Coils  treated  after  winding,  however,  show  very 
little  improvement  since  the  lacquer  does  not  penetrate  but  merely 
provides  a  superficial  covering  of  film  which  does  not  exclude  moisture 
or  break  up  the  interlocking  fibers  between  turns. 

It  has  been  found  that  increasing  the  thickness  of  the  lacquer  film, 
beyond  that  required  to  cover  the  fibers  and  provide  a  smooth  surface, 
results  in  relatively  small  additional  improvement  in  the  insulation. 
This  is  of  economic  importance  since,  with  proper  methods  of  appli- 
cation, a  relatively  thin  film  may  be  practically  as  effective  as  a  thick 
one  requiring  a  considerably  greater  quantity  of  material,  and  a  rapid 
check  on  the  quality  of  the  product  can  be  made  by  visual  inspection 
of  the  surface  condition  of  the  treated  insulation. 

Electrical  Characteristics  of  Treated  Wire 
The  accompanying  graphs  show  a  comparison  of  the  electrical  char- 
acteristics of  untreated  and  treated  cotton  and  silk  insulation,  respect- 
ively, for  a  cycle  of  relative  humidity  ranging  from  65  per  cent  to  90 
per  cent  and  back  to  65  per  cent  at  a  constant  temperature  of  85°  F. 
The  comparison  is  given  for  both  commercial  and  purified  materials 
as  a  matter  of  general  interest,  although  purified  textiles  are  now  used 
exclusively  in  Bell  System  central  office  wire  insulation.  The  graphs 
are  plotted  from  data  on  samples  of  wire  insulated  with  silk  and  cotton 
taken  at  random  from  stocks  of  commercial  and  purified  materials  and 
treated  with  cellulose  acetate  under  conditions  of  regular  production. 
The  values  given  by  the  graphs  should  not  be  considered  as  applying 
quantitatively  to  any  standard  type  of  central  office  wire  but  are 
intended  to  show,  on  a  comparative  basis,  the  extent  to  which  the 
commercial  and  purified  materials  have  been  improved  by  treatment 
with  cellulose  acetate,  and  the  rather  remarkable  improvement  in  the 
characteristics  of  commercial  textiles  by  both  purification  and  cellulose 
acetate  treatment. 

Perhaps  the  comparison  of  greatest  general  interest  is  that  of  insu- 
lation resistance,  Figs.  2  and  3,  since  it  is  important  in  any  electric 
circuit  that  the  insulation  shall  be  capable  of  preventing  undue  energy 
loss  from  direct  current  leakage.  From  these  graphs,  it  is  seen  that 
the  insulation  resistance  of  commercial  cotton  may  be  improved  from 
100  to  300  fold  by  treatment  with  cellulose  acetate  and  in  the  order  of 
500  to  2,000  fold  by  purification  plus  acetate  treatment  depending 
upon  the  relative  humidity.  Thus,  as  indicated  by  insulation  re- 
sistance, acetate  treated  purified  cotton  becomes  a  comparatively  high 
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l~ig.  2 — D-C    insulation  resistance  of  50  feet  of  twisted  pair  22-gauge  wire  insulated 
with  double  servings  of  equal  thickness. 
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Fig.  3-D-C.  i"^"'^tion. Resistance  of  50  feet  of  twisted  pair  22-gauge  uire  insulated 
with  double  servings  of  equal  thickness. 
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Fig.  4 — A-C.  capacitance  of  50  feet  of  twisted  pair  22-gauge  wire  insulated  with 
double  servings  of  equal  thickness. 
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-A-C.  conductance  of  50  feet  of  twisted  pair  22-gauge  wire  insulated  with 
double  servings  of  equal  thickness. 
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grade  insulation  suitable  for  many  purposes  where  more  expensive 
combinations  of  silk  and  cotton  have  been  required  heretofore. 

From  the  telephone  transmission  standpoint,  the  a-c.  characteristics 
of  capacitance  and  conductance  are  of  particular  importance  because 
they  determine  the  loss  in  transmission  of  energy  at  voice  and  carrier 
frequencies,  which  must  be  kept  at  a  minimum  to  maintain  high  quality 
of  telephone  communication.  A  comparison  of  a-c.  capacitance  and 
conductance  at  a  frequency  of  1,000  cycles  for  commercial  and  purihed 
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Fig.  6 — A-C.  capacitance  of  50  feet  of  twisted  pair  22-gauge  wire  insulated  with 
double  servings  of  equal  thickness. 


silk  and  cotton  with  and  without  cellulose  acetate  treatment  is  shown 
in  Figs.  4,  5,  6  and  7.  The  data  represented  by  these  graphs  converted 
into  transmission  loss  units  are  shown  in  Figs.  8  and  9.  These  data 
derive  their  main  significance  from  the  large  reduction  in  capacitance 
and  conductance  at  the  higher  humidities,  and  the  fact  that  it  is  the 
variation  of  these  transmission  loss  characteristics  which  is  of  the 
greatest  importance  from  the  telephone  transmission  standpoint. 
Losses,  if  fixed  in  value,  can  be  compensated  for,  but  if  they  are  sub- 
ject to  wide  variations  such  as  those  illustrated  by  the  samples  of 
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untreated  commercial  textiles,  the  matter  of  compensation  becomes 
difficult  or  entirely  impracticable. 

In  addition  to  maintaining  transmission  losses  at  a  minimum,  it  is 
required  in  certain  toll  apparatus  that  the  capacitance  and  conductance 
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of  the  parts  of  the  electric  circuits  be  balanced  to  prevent  interference 
between  adjacent  circuits  which  would  increase  the  noise  level  and 
impair  the  quality  of  voice  transmission.  Such  circuits  are  usually 
wired  with  four-conductor  wire  and  it  is  required  that  the  character- 
istics of  the  insulation  and  the  spacing  of  the  conductors  shall  be  suffi- 
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cieiUl\'  uniform  to  preserve  an  electrically  balanced  circuit.  I'Vom 
Figs.  4,  5,  6  and  7,  it  is  seen  that  the  capacitance  and  conductance  of 
commercial  silk  and  cotton  insulation  are  greatly  reduced  by  cellulose 
acetate  treatment  and  that  the  purilied  materials  are  also  improved 
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double  servings  of  equal  thickness. 


considerably  in  that  respect.  It  is  evident,  therefore,  that  the  addition 
of  cellulose  acetate  treatment  to  purified  textile  insulation  will  result 
in  greater  uniformity  in  the  electrical  characteristics  of  the  product 
than  is  possible  by  use  of  purified  insulation  alone,  since  the  effects  of 
any  lack  of  uniformity  in  the  purified  material,  due  to  variable  results 
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in  the  purifying  process,  will  be  practically  nullified  by  the  acetate 
treatment. 

An  interesting  example  of  how  cellulose  acetate  treatment  improves 
the  electrical  balance  of  a  circuit  is  given  in  Fig.  10,  which  shows  the 
capacitance  unbalances  between  phantom  and  side  circuits  in  a  four- 
conductor  wire  for  toll  use.  The  capacitance  unbalance  is  the  main 
cause  of  electrical  interference  between  the  two  circuits  mentioned 
above  and  it  is  desirable  to  have  this  value  as  low  as  possible.  Al- 
though there  are  some  differences  in  design  in  these  two  types  of  wire, 
practically  all  the  improvement  is  due  to  the  acetate  insulation. 
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Pig    10 — A-C.  capacitance  unbalance  between  the  phantom  and  side  circuits  of  50 
feet  of  quadded  22-gauge  wire. 


Application  to  Apparatus 
Advantages  in  the  use  of  cellulose  acetate  treated  insulation  are 
derived  from  several  sources  of  which  the  most  important  is  the  im- 
provement in  electrical  characteristics  of  cotton  and  silk,  as  illustrated 
by  the  foregoing  graphs.  For  example,  this  improvement  is  sufficient 
in  many  cases  to  permit  the  substitution  of  cotton  for  silk,  with  a 
resulting  substantial  reduction  in  cost.  In  other  cases,  silk  has  been 
retained  and  a  cable  of  much  higher  quality  has  been  made  available 
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for  use  in  toll  equipment  where  the  best  electrical  characteristics  ob- 
tainable are  needed. 

The  improved  electrical  characteristics  of  cellulose  acetate  treated 
insulation  also  make  possible  the  elimination  of  enamel  in  a  large 
amount  of  wire  and  cable  where  it  has  formerly  been  required  to  pre- 
vent excessive  current  leakage  under  conditions  of  high  humidity. 
This  is  of  economic  importance  because  of  the  difficulty  of  removing 
the  enamel  preparatory  to  soldering  the  wire  to  terminals,  and  the 
precautions  necessary  to  prevent  trouble  from  faulty  soldered  connec- 
tions, which  increase  considerably  the  cost  of  installation  and  main- 
tenance of  apparatus. 

In  distributing  frame  wire  the  use  of  cellulose  acetate  treated  insu- 
lation has  been  found  to  be  particularly  advantageous.  This  type  of 
wiring  cannot  be  installed  permanently  in  cabled  form,  as  is  the  prac- 
tice with  practically  all  other  types,  because  of  controlling  equipment 
and  service  conditions,  and  in  order  to  guard  against  fire  hazard  from 
a  large  mass  of  loose  wiring,  the  insulated  conductor  has,  heretofore, 
been  covered  with  a  cotton  braid  impregnated  with  flameproofing  salts. 
These  salts,  because  of  their  hygroscopic  and  electrolytic  nature,  have 
a  deleterious  effect  on  the  electrical  characteristics  of  the  insulation 
under  humid  conditions  and  introduce  the  danger  of  excessive  leakage 
and  corrosion,  particularly  near  terminals.  Exhaustive  tests  have 
proved  that  cellulose  acetate  treated  insulation,  without  the  addition 
of  flameproofing  salts,  will  be  as  satisfactory  as  the  old  type  with 
respect  to  safety,  and  the  elimination  of  salts  has  made  it  possible  to 
design  a  wire  which  is  greatly  superior  to  the  old  type  electrically, 
considerably  less  expensive  to  manufacture  and  smaller  in  size. 

Another  ad\antage  in  cellulose  acetate  treatment  is  its  effect  in 
preventing  unwrapping  and  fraying  of  the  textile  at  terminals.  With 
the  old  standard  wires,  fraying  is  prevented  by  impregnating  the  insu- 
lation near  the  ends  with  wax.  This  wax  treatment  is  undesirable  in 
that  it  adds  to  the  flammability  of  the  insulation,  tends  to  obscure  the 
marking  colors  and  collects  dust.  Cellulose  acetate  treatment  binds 
the  insulation  against  fraying  and  provides  a  smooth  glossy  surface 
which  does  not  collect  dust  readily. 

These  examples  serve  to  illustrate  the  more  important  factors  in 
favor  of  cellulose  acetate  treated  wire  with  regard  to  its  application  in 
telephone  apparatus.  On  the  other  hand,  this  type  of  wire  has  a 
tendency  to  be  somewhat  stiff  and  springy  with  the  result  that  its 
behavior  in  the  operations  of  twisting,  stranding  and  forming  into 
cables  differs  considerably  from  that  of  the  old  untreated  types.  This 
has  made  necessary  the  development  of  modified  manufacturing  and 
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installation  methods  in  connection  with  these  operations  and,  in  cer- 
tain cases,  the  observance  of  special  precautions.  For  examples,  in 
the  operation  of  twisting  to  form  pairs,  triples  and  quads,  it  is  necessary 
to  avoid  appreciable  stretching  of  the  conductors,  as  this  would  crack 
and  loosen  the  acetate  tilm  and  impair  the  appearance  of  the  wire. 
Fortunately,  cracking  of  the  film  does  not  affect  the  electrical  charac- 
teristics appreciably,  so  long  as  it  is  not  severe  enough  to  permit  inter- 
linkage  of  textile  fibers,  as  discussed  in  a  previous  paragraph. 

The  first  application  of  cellulose  acetate  treated  wire  on  a  regular 
production  basis  was  made  early  in  1930,  although  considerable  quan- 
tities were  installed  for  service  trials  in  commercial  apparatus  in  1927. 
In  order  to  take  advantage  of  the  improved  electrical  characteristics 
where  they  are  of  greatest  value,  cables  and  wire  used  in  the  toll  plant 
are  being  changed  to  employ  the  new  insulation  first.  Supplementing 
this  program,  consideration  is  being  given  to  extending  the  use  of 
acetate  treated  insulation  to  include  wire  aggregating  annual  require- 
ments of  the  order  of  three  billion  feet  for  the  local  plant.  Application 
of  the  new  type  wire  is  being  made  gradually  in  order  that  manufac- 
turing and  installation  methods  and  technique  may  be  further  devel- 
oped as  required  in  connection  with  this  program. 


Cellulose  Acetate  Treatment  for  Textile  Insulation — 
Development  of  the  Manufacturing  Process 

By  C.  R.  AVERY  and  H.  KRESS 

Equipment  was  developed  and  a  plant  constructed  for  coating  textile  in- 
sulated wire  wit  h  a  film  of  cellulose  acetate.  The  wire  is  treated  at  a  speed  of 
240  feet  [)er  minute.  Recovery  of  more  than  85  per  cent  of  the  acetone  used 
as  a  solvent  is  effected  with  carbon  adsorbers.  Thorough  precautions  have 
been  taken  to  prevent  fire  and  explosion  and  to  render  them  harmless  if  they 
should  occur. 

Introduction 

IN  the  telephone  plant  of  the  Bell  System  a  large  quantity  of  textile 
insulated  wire  is  employed  for  wiring  the  switchboards  and  con- 
necting them  to  the  incoming  lead  covered  cables.  The  insulation  on 
this  wire  varies  with  its  use  in  the  plant,  common  constructions  in  the 
past  being  tinned  copper  wire  insulated  with  two  servings  of  silk  and 
one  of  cotton,  or,  where  the  requirements  are  not  so  exacting,  enameled 
wire  with  two  servings  of  cotton. 

The  constant  demand  for  better  electrical  characteristics  in  tele- 
phone circuits  has  led  the  engineers  of  Bell  Telephone  Laboratories  to 
seek  an  improved  insulation  for  this  wire  as  discussed  in  the  contem- 
porary paper,  "Cellulose  Acetate  Treatment  for  Textile  Insulation, 
Engineering  Development,"  by  E.  B.  Wood  and  D.  R.  Brobst.  The 
old  design  wire  was  affected  by  the  variation  in  the  dielectric  proper- 
ties of  the  textile  insulation  with  its  moisture  content  which  in  turn 
varied  with  the  surrounding  humidity.  It  was  found  that  the  appli- 
cation of  a  thin  film  of  cellulose  acetate  to  the  textile  insulation  con- 
siderably stabilized  its  properties. 

The  action  of  the  cellulose  acetate  coating  is  illustrated  in  Fig.  1. 
When  the  surface  of  untreated  wire  is  magnified,  it  is  evident  that  it 
is  a  mass  of  extending  fibers  and  when  two  conductors  lie  adjacent,  these 
fibers  interlace.  Under  humid  conditions  the  textile  becomes  moist 
and  the  interlacing  fibers  afford  a  path  for  current  leakage.  The 
moist  fibers  also  have  a  considerably  higher  dielectric  constant  than 
the  dry  fibers  and  the  electrical  capacitance  between  adjacent  wires 
is  increased,  therefore,  with  high  humidity.  In  the  lower  half  of  the 
figure,  the  treated  wire  is  shown,  with  the  fibers  ironed  and  sealed 
down  by  the  cellulose  acetate  process.  It  is  not  claimed  that  the  film 
is  free  from  cracks,  for  cracks  do  form  in  the  subsequent  twisting  and 
forming  operations  permitting  moisture  to  enter,  but  no  matter  how 
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moist  the  textile  may  become,  no  direct  path  for  the  leakage  of  current 
is  formed  as  the  fibers  are  separated  from  one  another  by  two  films  of 
cellulose  acetate. 
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Fig.  1 — Textile   insulated  wire  before  and  after  treatment  with  cellulose  acetate. 

(Enlarged  4  diameters.) 

Development  of  Process 
Extrusion  of  a  coating  as  thin  as  wanted,  about  0.0015  inch,  ap- 
peared to  be  out  of  the  question.  Even  if  it  were  possible  the  coating 
would  not  adhere  firmly  enough  to  prevent  cracking  ofT  when  the  wire 
is  twisted  or  otherwise  roughly  handled.  The  study  of  method  was 
therefore  confined  to  coating  the  textile  insulated  wire  from  a  solution. 
Several  solvents  for  the  flake  cellulose  acetate  were  considered  but 
acetone  was  adopted,  at  least  for  the  time  being,  as  it  was  known  to 
have  the  desired  characteristics  and  would  simplify  the  problems  in- 
volved.    The  solution  would  have  to  be  low  in  viscosity  to  produce 
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the  lliin  coaling  desired  and  llierefore  tiie  quantity  of  acetone  used 
would  be  high.  This  made  it  economical  to  recover  the  acetone  after 
it  had  been  driven  off  from  the  coated  wire. 

It  was  quickly  established  that  the  procedure  should  include  several 
passes  of  the  wire  through  the  cellulose  acetate  solution  with  the  excess 
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Fig.  2 — An  exiuTinifiiial   nuuhinc  tnr  tuMting  textile  insulated  wire  with  cellulose 
acetate.     The  immersion  pulley  with  wiper  dies  are  shown  raised  for  threading. 

solution  removed  and  the  coating  dried  after  each  pass.  The  source 
of  drying  heat  was  optional  and  for  experimental  purposes  electrical 
heating  elements  were  used.  The  temperature  of  drying  was  limited 
by  the  tendency  of  the  coating  to  blister.  A  rapid  circulation  of  air 
quickened  the  rate  of  drying  and  with  a  sufficiently  long  drying  cham- 
ber, a  high  rate  of  wire  travel  seemed  possible. 
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An  early  experimental  machine  is  slunvn  in  V"\%.  2.  At  the  bottom 
are  the  supply  reel  and  the  motor  driven  take-up  reel.  The  cellulose 
acetate  solution  is  in  the  small  tank  near  the  bottom  The  wire  passes 
around  the  immersion  pulleys,  shown  raised  for  threading,  then  past 
wipers  into  the  drying  chamber,  over  an  upper  pulley,  and  down,  for 
a  total  of  four  passes,  which  was  later  increased  to  six  passes. 


Fig. 


•A  later  experimental   machine,  equipped   with   rotating  dies  for  removing 
the  excess  cellulose  acetate  and  pressing  down  the  te.xtile  fibers. 


It  was  found  that  stationary  wipers  quickly  became  clogged  by  a 
mixture  of  lint  from  the  textile  serving  and  half  dried  cellulose  acetate 
solution,  and  the  rotating  dies  shown  in  Fig.  3  were  designed.  These 
dies  are  the  heart  of  the  machine  and  their  construction  and  adjust- 
ment were  found  to  be  critical.  It  was  necessary  that  they  should 
allow  wire  splices  and  enlarged  places  in  the  textile  insulated  wire  to 
pass,  and  to  permit  this  the  right  hand  dies  were  carried  on  spring 
arms  allowing  them  to  back  away.     They  were  driven  in  the  same 
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direction  as  the  wire  travel  hut  at  one-third  the  speed.  The  slower 
speed  causes  a  wiping  action  on  the  wire,  ironing  down  the  fibers,  but 
still  tends  to  feed  wire  splices  through  the  dies.  The  size  of  the 
grooves  must  be  proportioned  exactly  for  each  gauge  of  wire,  the  first 
pass  being  the  largest.  This  is  necessary  so  the  extending  fibers  will 
be  gathered  in  rather  than  caught  between  the  dies  and  cut  off.     Dur- 


n 


Fig.  4 — An  enlargement  showing  the  gradual  pressing  down  of  the  textile  fibers 
and  smoothing  of  the  cellulose  acetate  coating  as  the  wire  receives  the  successive 
applications. 

ing  the  next  three  passes  these  fibers  are  gradually  ironed  down,  as 
illustrated  in  Fig.  4,  while  the  fifth  and  sixth  passes  are  largely  for 
smoothing  down  and  sizing.  Adjustments  were  provided  for  lining 
the  dies  up  with  the  wire  so  the  pressure  on  both  sides  of  the  wire 
would  be  equal,  resulting  in  an  even  coating.     Means  were  provided 
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for  quickly  removing  the  dies  for  cleaning  as  it  was  expected  that 
soaking  them  in  acetone  would  be  necessary  at  frequent  intervals. 

The  density  and  viscosity  of  the  cellulose  acetate  solution  have  an 
important  bearing  on  the  process.  It  was  desirable  to  use  as  little 
acetone  as  possible  as  this  would  hasten  the  drying  operation  and  with 
less  acetone  in  the  process,  less  acetone  would  be  lost. 

To  obtain  the  maximum  effect  from  the  film  of  cellulose  acetate,  it 
was  desirable  that  the  coating  be  as  free  from  extending  fibers  and  as 
smooth  as  possible.  Passing  the  coated  wire  while  still  plastic  over 
pulleys  so  arranged  that  the  entire  circumference  of  the  wire  would 
come  in  contact  with  the  pulleys,  was  found  to  produce  a  polishing 
effect. 


Fig.  5 — -An  installation  of  machines  for  treating  textile  insulated  wire  with  cellulose 

acetate. 


Commercial  Installation 
With  the  essentials  of  the  cellulose  acetate  coating  process  deter- 
mined, the  design  of  a  commercial  machine  was  undertaken.  Figs.  5 
and  6  show  a  number  of  these  machines  which,  it  will  be  seen,  are  in 
many  ways  similar  to  the  experimental  machine  previously  illustrated. 
Each  head  is  separately  driven  by  a  two-speed  electric  motor  and  there 
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is  a  second  motor  for  circulating  the  air  within  the  head.  The  main 
drive  motor  is  connected  so  that  it  rotates  the  wiping  dies  continu- 
ously so  they  will  not  freeze  up,  and  the  take-up  reel  and  the  capstan 
are  operated  through  a  hand  clutch.  Six  passes  of  wire  w^ere  decided 
upon  as  giving  better  control  of  the  coating  than  afforded  by  four 
passes.     Electric  heating  elements  were  selected  as  being  compact  and 


Fig.  6 — Cellulose  acetate  wire  coating  machine. 


easily  controlled.  In  the  schematic  view,  Fig.  7,  are  shown  the  method 
of  air  supply,  the  circulation  of  the  air  within  the  drying  chamber, 
and  the  exhausting  of  the  acetone-air  mixture. 

In  making  a  commercial  installation  of  the  new  machines,  it  was 
necessary  to  go  into  the  questions  of  preparing  and  circulating  the 
cellulose  acetate  solution,   recovering  the  acetone,   and   making  the 
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entire  process  as  safe  as  possible  from  the  hazards  that  are  always 
present  when  using  a  solvent  such  as  acetone. 

Fig.  8  illustrates  the  general  arrangement  of  the  equipment.  Two 
buildings  are  used  instead  of  one  to  separate  the  large  quantities  of 
solution  present  in  the  mixing  room  from  the  room  in  which  the  coating 
machines  with  their  electrical  equipment  are  located.  The  acetone  is 
pumped  from  the  underground  storage  tanks  to  the  mixers.  The  cellu- 
lose acetate  is  weighed  out  from  bins  and  added  to  the  mixers  and  the 
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Fig.  7 — -Schematic  view  of  one  coating  head. 


whole  stirred  for  se^■eral  hours  until  fully  dissolved.  One  gallon  of 
acetone  is  used  to  ten  ounces  of  cellulose  acetate.  The  solution  is  then 
pumped  continuously  from  the  mixers  to  the  machines.  From  the 
machines  it  flows  to  a  sump  by  gravity  and  from  the  sump  is  forced 
back  to  the  mixers.  The  reasons  for  circulating  the  cellulose  acetate 
solution  are  to  keep  it  homogeneous,  to  keep  the  amount  of  solution 
in  or  near  the  machines  as  small  as  possible,  and  to  permit  control 
and  maintenance  of  its  viscosity  at  one  location  instead  of  in  the  indi- 
vidual dope  pots. 
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It  was  found  that  the  \iscosil\'  of  the  solution  had  to  be  maintahied 
within  close  limits,  as  the  weight  of  iilm  left  on  the  wire  changes  with 
the  viscosity.  To  continuously  indicate  the  viscosity,  a  constant 
amount  of  solution  is  pumped  through  an  orifice  and  the  back  pressure 
developed  is  measured  by  a  pressure  gauge,  the  gauge  being  calibrated 
for  viscosity-.  Deviations  from  the  required  viscosity  are  corrected 
In-  the  addition  of  acetone  or  a  more  concentrated  solution  that  is  kept 
in  readiness. 


MIXERS 

Fig.  8 — .Schematic  of  the  wire  treating  plant  at  the  Kearny,  Xew  Jersey  works  of 
the  Western  Electric  Compan^•. 

To  keep  the  amount  of  acetone  solvent  low  for  the  required  vis- 
cosity, the  temperature  of  the  solution  is  kept  at  about  86°  F.  Al- 
though a  higher  temperature  would  require  the  use  of  even  less  solvent, 
it  would  increase  the  loss  by  evaporation.  To  maintain  the  desired 
temperature,  a  water  coil  was  installed  in  the  mixer,  the  water  in  turn 
being  heated  by  steam.  This  indirect  method  was  used  instead  of 
installing  steam  coils  directly  in  the  mixer  as  the  latter  would  result 
in  boiling  the  cellulose  acetate  solution  and  the  coils  would  become 
heavily  coated  with  cellulose  acetate.  The  mixers  are  equipped  with 
standard  propeller  type  agitators  driven  through  gear  reduction  by 
totally  enclosed  motors. 

During  the  drying  operation  the  acetone  is  evaporated  giving  a 
mixture  of  air  and  acetone  vapors  within  the  drying  chambers.  This 
mixture  would  be  explosi^•e  if  the  concentration  of  acetone  vapors  were 
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Fig.  9. — Charcoal  adsorbers  for  removing  the  acetone  vapors  from  the  exhaust  from 

the  treating  machines. 


Fig.  10 — Equipment  for  the  distillation  of  acetone. 
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allowed  to  get  between  approximately  2.5  per  cent  and  13  per  cent  by 
volume  and  at  the  concentration  of  5  per  cent  an  explosive  force  of  as 
high  as  75  pounds  per  square  inch  might  result.  To  eliminate  the 
possibility  of  a  vapor  explosion,  enough  of  the  mixture  is  constantly 
drawn  away  through  an  exhaust  duct  so  that  the  concentration  of 
acetone  will  not  exceed  1.5  per  cent.  The  vapors  are  conducted  back 
to  the  building  in  which  the  mixing  was  performed  and  the  acetone  is 
recovered. 

The  acetone  recovery  system  shown  in  Figs.  9  and  10  consists  of 
activated  carbon  adsorbers,  a  condensing  tower,  and  a  dehydrating 
plant.  The  air  and  acetone  mixture  coming  through  the  exhaust 
header  from  the  coating  machines  passes  through  a  water  cooler  to 
the  carbon  adsorbers  where  the  acetone  is  adsorbed  and  the  air  is 
exhausted  through  the  roof.  After  about  an  hour's  operation,  the  car- 
bon in  one  of  the  tanks  has  adsorbed  as  much  acetone  as  it  can  without 
allowing  a  portion  of  it  to  pass  through  and  the  air  valves  are  switched 
to  pass  the  acetone  air  mixture  through  the  other  adsorber.  Steam 
at  low  pressure  is  then  admitted  to  the  first  adsorber  and  the  acetone 
is  driven  off.  The  steam  and  acetone  vapors  are  condensed,  giving  a 
condensate  that  averages  about  half  water  and  half  acetone.  This 
flows  by  gravity  to  one  of  the  outside  underground  storage  tanks  where 
it  is  held  until  it  can  be  dehydrated.  When  a  supply  of  water-acetone 
has  accumulated,  it  is  pumped  to  the  evaporator  and  the  dehydrating 
is  performed  in  the  usual  way.  The  recovered  acetone  flows  by  grav- 
ity to  another  of  the  underground  tanks  for  reuse.  Samples  are  taken 
at  intervals  to  insure  that  the  dehydration  is  complete,  that  no  foreign 
materials  are  present  and  that  no  breakdown  of  the  acetone  has  oc- 
curred.    More  than  85  per  cent  of  the  acetone  purchased  is  recovered. 

There  were,  of  course,  other  types  of  recovery  systems  available,  but 
for  our  purpose  the  carbon  adsorption  process  was  most  economical. 
Scrubbing  with  water  or  other  absorbing  mediums  would  not  give  as 
high  a  percentage  of  recovery  and  would  be  more  expensive  to  install 
and  operate.  Freezing  out  the  acetone  would  not  be  as  economical 
with  the  low  concentration  of  acetone-air  mixture  that  it  was  felt  must 
be  maintained  to  afford  safety  from  explosion. 

Precautions  Against  Fire 
Throughout  the  engineering  of  this  installation,  the  greatest  pre- 
cautions were  taken  against  possible  fire  and  explosion.  Double  forty- 
mesh  screens  were  installed  close  to  the  junction  of  the  vent  pipes  with 
the  underground  tanks.  The  mixing  tanks  were  equipped  with  explo- 
sion reliefs  consisting  of  .002  inch  thick  sheet  aluminum.     The  tanks 
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were  vented  to  the  recovery  system,  with  a  fire  screen  installed  in  the 
vent  line.  Attached  to  the  mixing  tanks  is  a  carbon  dioxide  fire  ex- 
tinguishing system.  One  opening  is  within  the  tank  and  another  one 
is  above  the  explosion  relief.  This  carbon  dioxide  system  will  be  re- 
leased automatically  if  a  quick  rise  in  temperature  occurs  within  the 
mixer  and  it  can  also  be  operated  through  a  hand  pull  box  on  the  out- 
side of  the  building.  Operation  of  the  carbon  dioxide  system  in  the 
mixers  or  in  any  other  place  in  the  cellulose  acetate  plant  causes  all 
electric  power  in  both  buildings  to  be  turned  off  instantly,  sounds  a 
siren  and  calls  the  fire  department. 

To  avoid  the  possibility  of  static  sparks  while  loading  the  flake  cellu- 
lose acetate  into  the  mixer,  a  humid  atmosphere  is  obtained  by  injecting 
steam.  The  danger  is  further  lessened  by  the  avoidance  of  metal  in 
the  container  used  for  carrying  the  flake  acetate. 

In  the  coating  machines  themselves,  precautions  have  been  taken 
both  to  prevent  fires  and  to  render  them  harmless  if  they  should  occur. 
A  temperature  well  above  1,000°  F.  is  required  to  ignite  acetone  and 
the  electric  heating  elements  are  operated  at  about  half  this  tempera- 
ture. The  temperature  of  the  drying  chamber  is  controlled  by  a 
pyrometer  which  turns  on  or  shuts  off  the  electric  heating  current  as 
required.  As  a  further  safeguard,  a  second  temperature  control,  set 
at  a  slightly  higher  temperature,  is  arranged  to  act  if  the  first  one  fails, 
shutting  off  the  current  and  sounding  a  gong.  Here  again  a  carbon 
dioxide  fire  extinguishing  system  is  permanently  attached  with  an 
outlet  in  each  drying  chamber.  Automatic  discharge  would  be  diffi- 
cult to  control  because  of  the  temperature  conditions  in  the  chamber 
and  the  carbon  dioxide  is  controlled  entirely  from  hand  pull  boxes. 
Hand  CO2  equipment  is  also  available  in  convenient  locations.  Ex- 
plosion vents  covered  with  aluminum  foil  are  located  in  the  rear  of 
each  unit. 

However,  as  previously  mentioned,  there  is  no  danger  of  explosion 
of  the  acetone-air  mixture  in  the  drying  chamber  if  the  percentage  of 
acetone  is  maintained  at  less  than  the  amount  that  will  propagate 
flame,  about  2.5  per  cent.  Acetone-air  analysis  instruments  of  a 
standard  make  are  permanently  installed,  taking  readings  from  each  of 
the  drying  chambers  and  from  various  points  in  the  exhaust  lines. 
These  instruments  operate  on  the  basis  of  difference  between  the 
thermal  conductivities  of  air  and  of  atmospheres  containing  various 
amounts  of  acetone  vapor.  Two  platinum  coils,  heated  by  a  constant 
electric  current,  form  two  arms  of  a  Wheatstone  Bridge.  Around  one 
of  these  coils  is  room  atmosphere,  containing  whatever  moisture  and 
other  impurities  it  may,  while  around  the  other  coil  are  the  gases  drawn 
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from  the  drying  chamber,  cooled  down  to  the  same  temperature,  con- 
taining acetone  vapors  in  addition  to  the  constituents  of  the  room 
atmosphere.  The  different  thermal  conductivities  of  the  gases  around 
the  two  coils  cause  a  difference  in  temperature  and  therefore  a  change 
in  resistance  of  the  platinum  coils  which  causes  a  reading  on  the 
galvanometer.  The  instrument  is  calibrated  to  read  directly  in  per 
cent  acetone.  If  a  reading  greater  than  the  allowed  maximum  of  1.8 
per  cent  concentration  is  encountered,  a  gong  is  sounded  and  the  head 
is  immediately  switched  to  half  speed  until  the  trouble  is  located  and 
remedied.  The  percentage  of  acetone  concentration  can  be  varied  by 
increasing  or  decreasing  the  amount  of  room  air  drawn  through  the 
machine  to  the  recovery  system. 

To  avoid  all  sparks  in  the  main  rooms,  where  some  acetone  vapor 
may  exist,  a  separate  control  room  with  entry  from  the  outside  only  is 
provided.  Lead  covered  cables  running  through  sealed  ducts  connect 
the  machines  with  the  control  room  and  all  fuses  and  relays  are  in  this 
room.  Switches  on  the  machines  are  oil  immersed  or  fully  enclosed 
and  gas  tight.  A  magnesite  floor  is  provided  to  prevent  the  striking 
of  sparks  from  reels  or  tools  that  may  be  dropped  and  brass  floor  plates 
are  used  instead  of  steel  for  the  same  reason. 

Although  the  present  installation  is  well  protected  from  fire  and 
explosion,  there  are  still  a  number  of  characteristics  of  acetone  that 
are  not  well  known,  and  it  is  probable  that  more  exact  knowledge 
would  make  it  possible  to  achieve  safety  in  future  installations  at  less 
expense.  A  study  is  therefore  under  way  in  cooperation  with  the 
Bureau  of  Mines  at  Pittsburgh  to  determine  these  unknown  charac- 
teristics of  acetone.  Among  the  unknown  quantities  are  the  exact 
lower  limit  of  acetone  vapor  concentration  that  is  explosive  under  con- 
ditions such  as  are  encountered  in  our  drying  chambers,  the  effective- 
ness of  various  relief  openings,  the  probability  of  ignition  from  various 
sources,  especially  static  sparks,  and  the  force  of  explosions  possible 
from  various  concentrations. 

Recent  Developments 
A  new  coating  machine  has  been  developed  that  operates  at  a  higher 
speed,  is  simpler  to  operate  and  is  still  better  safeguarded  against  fire 
and  explosion.  It  consists  of  eight  coating  units  on  a  common  base, 
four  units  being  on  each  side.  Instead  of  electrical  heating  elements  in 
each  coating  unit  one  steam  heater  supplies  hot  air  to  a  number  of 
machines.  The  temperature  is  automatically  controlled  at  the  heater, 
leaving  the  operator  free  to  watch  the  supply  and  take  up  of  the  wire. 
A  wire  speed  of  240  feet  per  minute  has  been  obtained  compared  to 
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150  feet  per  minute  with  the  electrically  heated  machines.  \Mth  an 
overall  efficiency  of  90  per  cent,  the  production  per  head  is  13,000 
feet  per  hour. 

Ample  explosion  reliefs  have  been  included  in  the  new  machines. 
F'or  the  chamber  itself,  a  diaphragm  of  aluminum  foil  that  will  rupture 
leads  to  an  open  space  between  the  machines.  On  the  top  of  the  air 
ducts  above  the  machines,  vents  are  located  that  will  relieve  any 
explosive  pressure  in  this  part  of  the  system  before  it  reaches  dangerous 
proportions. 

Although  the  coating  of  textile  served  wire  with  cellulose  acetate 
is  being  performed  successfully,  it  is  felt  that  the  ultimate  design  of 
machine  or  maximum  efficiency  have  not  been  reached.  There  is 
promise  in  the  possibility  of  using  more  viscous  solutions  of  cellulose 
acetate,  thus  reducing  the  amount  of  acetone  to  be  evaporated  and 
recovered.  Other  solvents  than  acetone  are  to  be  tried.  Higher  ma- 
chine speeds  may  be  found  possible  and  operating  methods  will  be 
developed  that  will  increase  the  uniformity  of  the  product. 


The  Development  of  a  Handset  for  Telephone  Stations* 

By  W,  C.  JONES  and  A.  H.  INGLIS 

A  number  of  factors  contribute  to  the  dititiculties  involved  in  the  design 
of  a  telephone  handset  which  gives  as  good  service  performance  as  a  desk- 
stand.  The  handset  transmitter,  for  example,  not  only  is  used  in  a  wider 
range  of  positions  but  also  is  moved  much  more  frequently,  so  that  wider 
variations  are  experienced  in  its  characteristics. 

Further  difficulties  are  introduced  by  the  close  physical  connection 
of  the  receiver  and  transmitter,  in  that  "howling"  tends  to  be  set  up. 

The  handset  has  been  developed  so  that  it  overcomes  all  these  difficulties 
and  is  interchangeable  with  the  deskstand  in  existing  telephone  plant  without 
important  reaction  on  either  transmission  or  signaling  performance. 

MANY  interesting  development  problems  are  presented  in  the 
design  for  general  use  of  a  handset  which  provides  the  conven- 
ience of  this  arrangement  of  a  telephone  set  without  a  sacrifice  in  the 
performance  of  the  system.  It  is  the  object  of  this  paper  to  discuss 
some  of  these  problems  and  to  describe  their  solution  as  embodied  in 
the  handset  now  being  furnished  by  the  Bell  System. 

The  idea  of  mounting  a  telephone  transmitter  and  receiver  on  a  com- 
mon handle  to  form  a  handset  was  conceived  early  in  the  development 
of  the  telephone.  In  1878,  only  a  few  years  after  the  invention  of  the 
telephone,  handsets  of  the  type  shown  in  Fig.  1  were  in  use  by  operators 
in  the  Gold  and  Stock  exchange  in  New  York  City.^  Variable  resist- 
ance transmitters  of  the  Edison  type  were  used  in  these  handsets. 
This  transmitter  employed  a  relatively  insensitive  lamp  black  resist- 
ance element  which  was  soon  superseded  by  the  more  sensitive  granular 
carbon  type  in  order  to  permit  the  extension  of  telephone  service  to 
greater  distances.  The  basic  ideas  underlying  the  variable  resistance 
transmitter  and  the  many  advantages  of  granular  carbon  over  the 
numerous  other  materials  which  have  been  tried  have  been  discussed 
elsewhere.^  It  is  sufficient  to  point  out  here  that  the  large  amplifica- 
tion afforded  at  low  cost  by  a  well  designed  granular  carbon  transmitter 
makes  it  unlikely  that  any  other  structure  will  offer  successful  compe- 
tition in  general  telephone  application  for  some  time  to  come. 

When  an  attempt  was  made  to  use  granular  carbon  transmitters 
with  handsets  it  soon  became  evident  that  a  satisfactory  design  in- 

*  Presented  at  A.  I.  E.  E.  Midwinter  Convention,  Jan.  25-29,  1932,  New  York, 
N.  Y. 

^  "Beginnings  of  Telephony,"  F.  L.  Rhodes,  Harper  and  Brother,  1st  Edition,  p. 
153. 

2  "The  Development  of  the  Microphone,"  H.  A.  Frederick,  Journal  oj  the  Acousti- 
cal Society  of  America,  July  1931,  Part  2,  p.  17;  Bell  Telephone  Quarterly,  July  1931. 
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volved  more  than  the  mounting  of  the  available  types  of  transmitters 
and  receivers  on  a  common  handle  and  that  considerable  development 
of  the  instruments  as  well  as  the  means  for  coupling  them  would  be 
required  before  a  handset  suitable  for  general  use  were  obtained.  For 
this  reason,  the  telephone  system  in  this  country  has  in  general  been 
built  up  around  the  wall  set  and  the  deskstand  which  permitted  the 
utilization  of  the  available  transmitters  and  receivers  to  best  ad- 
vantage. 


Fig.  1 — Operators  handset  used  in  1878. 

A  number  of  factors  contribute  to  the  difficulties  involved  in  the 
design  of  a  handset  which  gives  as  good  service  performance  as  a  desk- 
stand.  Some  of  these  are  due  to  a  difference  in  the  conditions  of  use 
of  the  two  instruments  and  some  are  due  to  the  necessary  differences 
in  structure.  A  consideration  of  these  differences  will  afford  a  back- 
ground for  the  subsequent  description  of  the  line  of  attack  followed  in 
providing  a  satisfactory  handset. 

Difference  in  Usage 
The  controlling  differences  in  service  conditions  are  due  to  the  fact 
that  the  handset  permits  the  user  much  more  freedom  than  the  desk- 
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Stand.  The  handset  transmitter,  accordingly,  is  not  only  used  in  a 
wider  range  of  positions  but  is  also  moved  much  more  frequently  with 
the  result  that,  in  general,  much  wider  variations  are  experienced  in  its 
transmission  characteristics  and  resistance.  If  the  transmitter  is  not 
suitably  designed  these  variations  may  be  sufficiently  large  to  render 
the  transmission  of  a  handset  unsatisfactory,  and  to  interfere  with  the 
operation  of  associated  relays  and  other  signalling  apparatus. 

The  more  severe  use  to  which  the  handset  is  subjected  also  has  a 
tendency  to  materially  accelerate  changes  in  the  contact  surfaces  of  the 
carbon  and  the  electrodes.  These  changes  are  evidenced  principally 
by  increased  carbon  noise  and  resistance  which  affect  both  transmis- 
sion and  signalling  and  appreciably  shorten  the  useful  life  of  the  trans- 
mitter unless  proper  design  measures  are  taken  to  reduce  these  aging 
effects. 

Differences  in  Structure 

It  is  undesirable  in  any  telephone  set,  designed  for  use  by  the 
general  public,  to  require  the  user  to  perform  any  switching  operation 
in  changing  from  talking  to  listening.  For  this  reason,  practically  all 
commercial  telephone  sets  are  of  the  so-called  "invariable"  type,  in 
which  the  transmitter  and  receiver  are  at  all  times  connected  to  the 
line  while  the  set  is  being  used.^  Part  of  the  output  of  the  transmitter, 
therefore,  is  transmitted  to  the  receiver  of  the  local  telephone  set. 
This  electrical  connection  between  the  transmitter  and  receiver  of  the 
same  set  is  known  as  the  "sidetone"  path,  and  the  resulting  sound  in 
the  receiver  as  "sidetone."  In  addition  to  this  electrical  coupling 
between  the  instruments,  there  is  acoustical  coupling  through  the  air 
and  in  the  case  of  the  handset  mechanical  coupling  through  the  handle. 
If  the  amplification  afforded  by  the  transmitter  is  greater  than  the 
aggregate  losses  in  the  sidetone  path,  the  receiver,  the  air  and  the 
handle,  sustained  oscillation  or  "howling"  may  be  set  up.  Any  such 
condition,  is,  of  course,  not  only  unpleasant  but  fatal  to  transmission. 
It  has  been  found  necessary,  in  fact,  to  keep  w^ell  below  the  howling 
point  to  avoid  serious  transmission  impairment  due  to  transient 
oscillations. 

In  the  case  of  the  deskstand,  the  sidetone  path  and  the  air  path  pro- 
vide the  only  coupling  between  the  instruments  and  the  losses  are  of 
sufficient  magnitude  that  howling  does  not  occur  even  with  the  most 
efficient  transmitters  and  receivers.  In  the  case  of  the  handset,  how- 
ever, the  handle  may  add  appreciably  to  the  coupling.  Without  proper 
design  of  the  handle,  instruments,  and  means  for  mounting  the  instru- 

2  "Transmission  Circuits  for  Telephonic  Communication,"  K.  S.  Johnson,  U.  Van 
Nostrand  Co.,  4th  printing,  p.  105. 
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ments  on  the  handle  this  additional  coupling  is  often  sufficient  to  cause 
howling. 

Since  with  the  deskstand  a  flexible  cord  forms  the  only  connection 
between  the  transmitter  and  receiver,  the  user  is  always  able  to  hold 
the  receiver  to  his  ear  and  at  the  same  time  to  speak  with  his  lips 
directly  in  front  of  the  transmitter.  The  handset  handle,  however, 
defmitely  establishes  the  distance  between  the  two  instruments.     If  it 
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Fig.  2 — Loss  in  transmitter  output  with  distance  from  the  mouthpiece. 

is  too  short,  many  users  are  unable  to  hold  the  receiver  on  the  ear  when 
the  transmitter  is  in  front  of  the  lips.  This  difficulty  has  often  been 
avoided  by  making  the  handle  long  enough  to  accommodate  any  user. 
If  this  is  carried  to  an  extreme,  the  distance  between  the  transmitter 
and  the  lips  is  greater  than  necessary,  and  introduces  an  avoidable 
transmission  loss  for  the  majority  of  users.  As  may  be  seen  from  the 
curve  shown  in  Fig.  2,  this  loss  may  be  quite  large  and  warrants  every 
effort  to  minimize  it. 

If  the  convenience  of  the  handset  is  to  be  fully  realized,  it  is  impor- 
tant that  the  handle  be  shaped  to  fit  comfortably  in  the  hand  and  that 
the  complete  handset  be  sufficiently  light  to  a\  oid  fatigue  on  the  part 
of  the  user.  These  structural  limitations  add  a  further  problem  in 
design. 
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Description  of  the  Handset 

While  many  incidental  problems  have  required  solution  during  the 
development  of  the  present  handset,  which  is  shown  with  its  mounting 
in  Fig.  3,  this  design  is  largely  the  result  of  a  systematic  attack  on  the 


Fig.  3 — Station  handset  and  its  mounting. 

more  fundamental  problems  that  have  been  discussed.  In  describing 
the  handset,  therefore,  particular  attention  will  be  given  to  those  fea- 
tures which  are  of  importance  in  the  solution  of  these  problems.  Some 
of  the  most  important  and  interesting  of  these  are  embodied  in  the 
transmitter. 

Transmitter 

Referring  to  the  cross-sectional  view  of  the  handset,  Fig.  4,  it  will 
be  observed  that  the  various  parts  of  the  transmitter  are  assembled  in  a 
die  cast  aluminum  housing  to  form  a  unit  which  mounts  in  a  threaded 
brass  bushing  in  the  handle.  One  electrical  connection  is  made 
through  this  bushing,  the  other  through  a  contact  which  engages  a 
spring  in  the  base  of  the  housing.  The  molded  phenol  plastic  mouth- 
piece, dome  and  spacing  ring,  which  form  the  external  parts  of  the 
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transmitter,  insulate  the  metal  parts  in  the  electrical  circuit  so  that 
they  cannot  come  into  contact  with  the  user.  The  spacing  ring  also 
serves  to  lock  the  transmitter  to  the  handle  and  align  the  mouthpiece 
with  the  axis  of  the  handle. 


Effect  of  Angular  Position  on  Resistance 

The  carbon  chamber  of  the  transmitter  is  often  referred  to  as  a 
"barrier"  type  and  differs  radically  from  the  conventional  form  of 
"  direct  action  "  resistance  element,  which  has  been  employed  for  years 


180         150 


!0         90  60  30  0  30  60  90         120        150       180 

ANGULAR     POSITION   IN   DEGREES 
FACE    UP  FACE  DOWN 


OL 


r=f^ 


TIBO 


Fig-  5 — Effect  of  position  on  transmitter  resistance. 

in  deskstand  transmitters.  In  the  direct  action  type  the  movable 
member  not  only  transmits  the  acoustic  forces  on  the  diaphragm  to  the 
carbon  but  also  serves  as  an  electrode.  Both  electrodes  of  the  barrier 
type  are  stationary  and  a  thin  layer  of  phenol  varnish  insulates  the 
diaphragm  from  the  carbon.  A  ceramic  barrier  "*  separates  the  elec- 
trodes from  one  another  and  defines  the  current  path  through  the 
carbon.  The  electrode  surface  adjacent  to  the  diaphragm  is  cylindri- 
cal in  shape,  the  other  hemispherical.  Both  are  gold  plated.  By 
adopting  this  electrode  arrangement  good  contact  is  maintained  be- 

*  "Manufacture  of  Thin  Porcelain  Parts  of  Close  Dimensional  Tolerances,"  L.  I. 
Shaw,  A.  O.  Johnson  and  W.  J.  Scott,  Journal  of  Ceramic  Society,  Nov.  1931,  pp. 
851—854. 
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tween  the  carbon  granules  and  the  electrode  surfaces  and  between 
the  granules  themselves,  in  all  of  the  positions  in  which  the  transmitter 
is  likely  to  be  held  while  in  use.  This  uniformity  of  contact  pressure 
makes  the  resistance  of  the  transmitter  nearly  independent  of  angular 
position  as  shown  by  Curve  A,  Fig.  5. 


Fig.  6 — Cross  section  of  a  typical  deskstand  transmitter. 


The  substantially  uniform  resistance  of  the  present  handset  trans- 
mitter in  various  positions  represents  an  outstanding  improvement 
over  that  obtained  with  a  typical  deskstand  transmitter  such  as  that 
shown  in  cross-section  in  Fig.  6.  Referring  to  curve  B,  Fig.  5,  it  will 
be  observed  that  the  resistance  of  this  transmitter  is  markedly  de- 
pendent upon  angular  position,  two  prominent  peaks  occurring  where 
the  electrodes  are  practically  horizontal  and  the  carbon  falls  away  from 
the  surface  of  the  upper  electrode.  This  is  typical  of  the  performance 
of  the  older  types  of  transmitters  employing  the  conventional  form  of 
direct  action  structure.     While  this  characteristic  is  not  important  in 
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deskstand  service  it  renders  this  type  of  transmitter  unsuitable  for  the 
more  severe  conditions  encountered  in  the  use  of  a  handset. 

Effect  of  Angular  Position  on  Carbon  Noise 

Another  transmitter  characteristic  which  is  likely  to  be  influenced 
by  the  position  in  which  the  handset  is  held  is  carbon  noise.  In  addi- 
tion to  the  adsorbed  gas  on  the  surface  of  the  granule  there  is  also  an 
appreciable  amount  of  gas  absorbed  in  the  pores  in  its  surface.^  When 
a  voltage  is  impressed  on  the  transmitter  the  temperature  ^  of  the 
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Fig.  7 — Effect  of  position  on  carbon  noise. 


points  of  contact  between  the  granules  is  increased  and  a  certain 
amount  of  the  gas  is  driven  off,  forcing  the  granules  apart  and  giving 
rise  to  non-periodic  changes  in  resistance.  These  disturbances  result 
in  noise  in  the  receiver  which  tend  to  mask  incoming  speech.  It  is 
evident  that  a  given  efflux  of  gas  will  produce  a  larger  change  in  resist- 
ance when  the  contact  forces  are  low  than  when  they  are  high.  Hence, 
if  as  a  result  of  turning  the  transmitter  through  the  various  angles  in 
which  it  is  likely  to  be  used,  the  contact  pressure  is  lowered  and  the 
resistance  raised,  a  sufficient  increase  in  temperature  may  occur  to 
cause  a  vigorous  evolution  of  gas  and  increased  noise.  It  would, 
therefore,  seem  reasonable  to  expect  that,  inasmuch  as  the  contact 

*"The  Effect  of  Gases  on  the  Resistance  of  Granular  Carbon  Contacts,"  P.  S. 
Ohnstead,  Journal  of  Physical  Chemistry,  Jan.  1929,  pp.  69-80. 

^  "  Cber  Kontaktwiderstande  besonders  bei  Kohlekontakten,"  Von  Ragnar  Holm, 
Zeitschrijt  fiir  Technische  Physik,  Sept.  1922,  pp.  290-294,  Oct.  1922,  pp.  320-326, 
and  Nov.  1922,  pp.  349-357. 
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pressures  and  the  resistance  of  the  handset  transmitter  are  substan- 
tially independent  of  angular  position,  the  change  in  noise  with  posi- 
tion would  be  practically  negligible.  That  this  condition  is  realized  is 
evident  from  the  data  shown  in  Fig.  7.  Not  only  is  the  average  carbon 
noise  negligible  even  under  severe  conditions  of  service,  but  the  maxi- 
mum variation  of  the  noise  in  any  position  of  the  transmitter  is  only 
about  one  db.  On  the  other  hand,  the  noise  developed  by  a  typical 
deskstand  transmitter  in  the  optimum  position  is  approximately  five 
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Fig.  8 — Effect  of  position  on  transmitter  output. 

db  higher,  and  in  its  worst  position  nearly  thirty  db  higher  than  the 
noise  produced  by  the  handset  transmitter.  Noise  of  such  a  magni- 
tude would  constitute  an  appreciable  transmission  impairment. 


Effect  of  Angular  Position  on  Output 
One  of  the  unique  features  of  this  new  handset  transmitter  is  the 
fact  that  the  carbon  chamber  is  located  in  front  rather  than  in  back  of 
the  diaphragm  as  has  been  customary  in  the  past.  By  adopting  this 
arrangement  the  carbon  granules  are  held  in  intimate  contact  with  the 
diaphragm  in  all  of  the  positions  in  which  the  handset  is  likely  to  be 
held  and  uniform  output  and  faithful  reproduction  of  the  speech  sounds 
obtained.  There  are,  however,  angular  positions  in  the  region  of  90 
degrees  face  down  where  the  carbon  tends  to  fall  away  from  the  dia- 
phragm, but  as  is  shown  by  curve  A,  Fig.  8,  the  resultant  loss  in  the 
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output  and  the  degradation  of  the  quality  are  limited  to  a  rather  nar- 
row range  of  positions  in  which  the  handset  is  seldom  held.  A  loss  in 
output  and  a  serious  impairment  of  quality  occurs  when  the  usual  type 
of  deskstand  transmitter  is  held  in  the  positions  which  would  fre- 
quently occur  if  it  were  used  for  handset  service.  This  effect  is  shown 
by  curve  B,  Fig.  8. 

Response 

The  diaphragm  of  the  transmitter  is  made  from  thin  duralumin 
formed  into  a  truncated  cone  with  radial  stiffening  ribs.  This  reduces 
the  effective  mass  to  about  one-tenth  that  of  the  deskstand  transmitter 
and  provides  sufficient  rigidity  to  insure  vibration  as  a  unit  throughout 
the  frequency  range  of  interest.  A  number  of  impregnated  paper 
rings  each  approximately  four  ten-thousandths  of  an  inch  in  thickness 
support  the  edge  of  the  diaphragm.  The  dimensions  of  the  recess  into 
which  these  rings  assemble  are  so  chosen  that  they  separate  slightly 
from  one  another.  This  construction  provides  a  resilient  support  for 
the  diaphragm  and  adds  a  certain  amount  of  mechanical  resistance  due 
to  the  viscosity  of  the  air  films  between  adjacent  layers  of  paper  and 
the  friction  between  the  layers.  An  appreciable  improvement  in  re- 
sponse results  from  the  lower  mass  and  stiffness  and  the  higher  damp- 
ing. The  range  in  response  of  the  handset  transmitter  in  the  fre- 
quency range  from  300  to  3000  cycles  per  second,  is  about  20  db  as 
compared  with  approximately  40  db  for  the  deskstand  transmitter 
over  the  same  frequency  range.  The  more  uniform  response  of  the 
handset  transmitter  causes  a  marked  improvement  in  articulation  over 
that  obtained  with  the  deskstand  instrument. 

A  ging 

As  previously  mentioned,  after  a  granular  carbon  transmitter  has 
been  in  use  for  a  time,  changes  take  place  which  often  cause  an  increase 
in  resistance  and  carbon  noise  and  a  loss  in  sensitivity.  These  changes 
in  the  contact  conditions  have  been  traced  to  two  principal  causes,  the 
abrasive  action  of  one  granule  on  another,  and  the  deterioration  of  the 
surface  of  the  granules  due  to  high  temperatures  resulting  from  exces- 
sive contact  voltage.  The  former  is  usually  referred  to  as  "mechanical 
aging,"  the  latter  as  "electrical  aging." 

The  aging  of  the  deskstand  transmitter  is  primarily  electrical,  for 
although  it  is  picked  up  occasionally  and  moved  from  one  location  to 
another  on  the  desk  or  table,  it  is  not  in  general  subjected  to  shocks  or 
jars  which  cause  an  appreciable  motion  of  the  carbon  granules.     Be- 
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cause  of  the  more  severe  service  conditions,  the  predominant  factor  in 
the  aging  of  the  handset  transmitter  is  mechanical. 

Laboratory  aging  tests  equivalent  to  about  four  years  of  handset 
service  under  severe  conditions,  indicate  an  increase  in  carbon  noise  of 
only  6  to  8  db  above  the  initial  value.  Neither  before  nor  after  aging 
is  the  noise  produced  by  the  handset  transmitter  of  practical  impor- 
tance. 

The  output  of  the  handset  transmitter  is  decreased  somewhat  and 
the  average  resistance  increased  to  about  double  its  initial  value  as  the 
result  of  aging.  The  relatively  small  change  of  resistance  with  posi- 
tion in  this  design,  however,  effectively  prevents  the  frequent  occur- 
rence of  resistances  sufficiently  high  to  interfere  with  the  operation  of 
signalling  apparatus  in  circuit  with  the  transmitter.  In  this  respect 
the  new  design  represents  a  notable  improvement  over  earlier  types  of 
instruments. 

The  method  adopted  for  filling  the  handset  transmitter  contributes 
materially  to  keeping  the  aging  rate  low.  In  most  of  the  transmitters 
which  preceded  the  present  instrument,  the  carbon  occupied  only 
about  three-quarters  of  the  volume  of  the  carbon  chamber.  This 
allowed  the  granules  to  move  freely  and  caused  rapid  aging.  Ob- 
viously, the  movement  of  the  granules  would  be  reduced  to  a  minimum 
if  the  chamber  were  filled  full  of  carbon.  Inasmuch  as  the  space  oc- 
cupied by  a  given  weight  of  granular  material  is  dependent  upon  the 
configuration  of  the  granules,  it  is  evident  that  a  full  filling  cannot  be 
obtained  merely  by  pouring  carbon  into  the  chamber.  Definite 
means,  therefore,  must  be  provided  for  bringing  the  carbon  into  a 
minimum  volume  state  if  a  full  filling  is  to  be  obtained. 

A  machine  has  been  designed  for  this  purpose  which  vibrates  the 
transmitter  during  the  filling  operation.  This  settles  the  carbon  in 
much  the  same  way  as  if  the  transmitter  were  held  in  the  hand  and 
tapped.  The  carbon  chamber  cannot  only  be  filled  full  of  carbon  in 
this  way,  but  the  effect  of  differences  in  the  volume  of  the  chamber, 
due  to  the  commercial  variations  in  the  size  of  the  parts,  is  eliminated. 

It  has  been  found  that  the  loss  in  sensitivity  which  results  from  filling 
a  transmitter  in  this  manner  is  relatively  small.  There  is,  however, 
one  feature  of  a  full  filling,  often  referred  to  as  "mechanical  packing," 
which  is  objectionable  and  has  led  to  a  filling  slightly  less  than  full. 
If  the  diaphragm  of  a  transmitter  which  has  been  filled  full  by  the 
method  described,  is  displaced  sufficiently  to  permit  the  granules  to 
change  their  configuration,  the  volume  of  the  filling  will  increase  and 
the  diaphragm  will  not  return  to  its  original  position.  A  marked  in- 
crease in  contact  pressure  and  lowered  sensiti\'ity  takes  place.     When 
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mechanical  packing  of  this  nature  occurs,  the  initial  sensitivity  can  be 
restored  only  by  tapping  the  transmitter  until  the  granules  assume 
their  original  configuration.  By  filling  the  chamber  about  5  per  cent 
less  than  full,  it  has  been  found  possible  to  avoid  this  packing  without 
effecting  an  appreciable  increase  in  the  initial  resistance  and  noise  or 
the  aging  rate. 

Breathing 
In  many  granular  carbon  transmitters,  variations  in  resistance  and 
sensitivity  of  considerable  magnitude  occur  from  changes  in  the  dimen- 
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Fig.  9 — Transmitter  breathing. 

sions  of  the  various  parts  of  the  carbon  chamber,  caused  by  the  heating 
effect  of  the  direct  current.  These  changes  in  resistance  usually  take 
place  rather  slowly  and  often  extend  over  a  period  of  several  minutes. 
It  is  customary  to  refer  to  them  as  "breathing."  In  a  handset  trans- 
mitter, it  is  particularly  important  to  eliminate  any  sources  of  variation 
of  this  kind,  since  they  are  likely  to  be  more  serious  in  their  effects. 
Interesting  means  of  breathing  control  have  been  provided.  If  the 
diaphragm  is  removed  and  a  block  of  lavite  substituted,  the  resistance 
after  being  connected  in  circuit  changes  w  ith  time  in  the  manner  shown 
by  curve  A ,  Fig.  9.     The  large  increase  in  resistance  is  caused  by  the 
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expansion  of  the  walls  of  the  chamber  and  a  reduction  in  the  contact 
pressure  between  the  granules.  An  increase  of  this  magnitude  would 
be  objectionable  in  commercial  use,  for  it  would  not  only  make  it 
more  difficult  to  meet  the  resistance  requirements  but  would  also 
increase  the  contact  voltages,  especially  in  aged  instruments,  to  a 
point  where  undesirable  carbon  noise  would  result.  To  counteract 
the  effect  of  the  expansion  of  the  walls  of  the  carbon  chamber,  the  por- 
tion of  the  diaphragm  in  contact  with  the  carbon  is  coned  slightly,  so 
that,  as  the  walls  expand,  the  diaphragm  moves  inward  sufficiently  to 
maintain  substantially  constant  contact  pressures  between  the  gran- 
ules. The  extent  to  which  this  feature  is  effective  in  reducing  breath- 
ing is  shown  by  curve  B,  Fig.  9. 

Cohering 

In  common  with  a  number  of  other  materials,  granular  carbon  is 
susceptible  to  cohering.  When  cohering  occurs  the  resistance  and 
sensitivity  of  the  carbon  are  lowered  and  remain  so  until  the  transmitter 
is  subjected  to  mechanical  agitation.  Experience  has  shown  that 
cohering  will  greatly  reduce  the  output  of  the  handset  transmitter  and 
that  fairly  loud  talking  or  a  sharp  mechanical  shock  is  required  to  re- 
store it  to  its  initial  sensitivity.  Not  infrequently  cohering  results 
from  breaking  the  circuit  connecting  the  transmitter  to  the  battery, 
as  for  example,  when  the  subscriber  depresses  the  switch  in  the  mount- 
ing in  order  to  attract  the  attention  of  the  operator.  A  study  of  the 
electrical  conditions  responsible  for  cohering  under  these  circumstances 
has  shown  that  the  distributed  capacity  and  the  inductance  of  the 
component  parts  of  the  station  set  are  such  that  transient  oscillations 
of  a  frequency  of  several  thousand  kilocycles  per  second  are  set  up  by 
the  breaking  of  the  circuit.  Further  investigation  has  shown  that  the 
transmitter  can  be  protected  from  the  cohering  effect  of  these  oscilla- 
tions, without  introducing  a  transmission  loss  at  voice  frequencies,  by 
connecting  a  condenser  of  a  few  thousandths  of  a  microfarad  capacity 
across  the  transmitter  to  by-pass  these  transient  currents. 

In  the  case  of  the  deskstand  transmitter,  these  cohering  effects  have 
not  been  important  for  several  reasons.  Probably  the  principal  one  is 
that  the  mechanical  impact  incident  to  switchhook  operation  is  carried 
directly  to  the  transmitter  and  prevents  appreciable  cohering. 

Ca  rbon  Prepa  ra  t  io  7i 
Substantial  improvements  in  the  technique  of  granular  carbon  man- 
ufacture have  been  made  in  conjunction  with  the  development  of  the 
new  transmitter.     Roasting  processes  have  been  adopted  which  sub- 
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ject  each  granule  to  substantially  the  same  heat  treatment  and  produce 
carbon  of  unusually  uniform  electrical  properties.  Uniformity  is  fur- 
ther insured  by  the  use  of  a  magnetic  separator  to  remove  granules 
having  an  undesirably  high  iron  content,  and  the  removal  in  an  air 
stream  of  flat,  wedge-shaped  particles  which  tend  to  cause  carbon 
leakage  in  the  transmitter  by  working  their  way  between  the  layers  of 
paper  which  form  the  closure  between  the  carbon  chamber  and  dia- 
phragm. 

Measures  of  this  kind  have  been  of  particular  value,  not  only  in  bet- 
tering the  transmission  characteristics  of  the  individual  transmitter, 
but  in  securing  a  uniform  commercial  product.  Without  these  im- 
provements, indeed,  it  is  doubtful  if  the  production  of  the  transmitter 
could  be  maintained  at  the  high  rate  now  required  without  a  sacrifice 
in  the  average  quality  of  the  product. 

Receiver 

The  parts  of  the  handset  receiver  are  assembled  in  a  die  cast  alum- 
inum housing,  and  form  a  unit  which  mounts  in  a  threaded  bushing  in 
the  handle  in  much  the  same  manner  as  the  transmitter  unit.  One 
connection  to  the  winding  is  made  through  the  threaded  portion  of  the 
case,  the  other  through  a  contact  spring  in  the  base.  The  cap  and 
spacing  ring  are  made  of  phenol  plastic  and  thoroughly  insulate  the 
metal  parts  so  that  the  user  cannot  come  in  contact  with  any  portion 
of  the  receiver  which  forms  a  part  of  the  electrical  circuit.  The  spac- 
ing ring  also  serves  as  a  lock  ring  for  holding  the  receiver  on  the  handle. 
A  grid  in  the  cap  prevents  damage  to  the  diaphragm  from  the  project- 
ing portions  of  the  mounting.  The  layout  of  the  holes  in  the  grid  is 
such  that  a  dent  in  the  diaphragm  caused  by  inserting  a  pencil  or 
other  sharp  object  through  the  grid,  will  not  occur  at  a  point  over  the 
pole  faces  and  interfere  with  the  operation  of  the  receiver. 

While  in  general  the  design  of  this  receiver  follows  conventional  lines, 
the  choice  of  materials  and  the  design  of  the  magnetic  circuit  have  re- 
sulted in  an  increase  in  efhciency  of  several  db  as  compared  with  the 
deskstand  receiver.  It  has  not  been  considered  desirable,  however, 
to  make  use  directly  of  this  increase  in  efficiency  for  several  reasons. 

Although  greater  receiving  efficiency  raises  the  intensity  of  the  in- 
coming speech,  it  also  increases  the  intensity  of  any  noise  present  on 
the  line  or  picked  up  as  sidetone.  Since,  therefore,  the  ratio  between 
the  received  speech  and  the  noise  is  not  improved,  the  general  reception 
would  be  little  benefited  by  an  increase  in  receiving  efficiency  alone. 
Furthermore,  the  increased  sidetone  causes  an  effective  loss  in  trans- 
mitting level  by  causing  the  speaker  to  lower  the  intensity  of  his  speech. 
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The  higher  efficiency  of  the  handset  receiver  is,  however,  of  appre- 
ciable indirect  value,  and  has  been  used  in  two  ways,  at  the  same  time 
maintaining  the  same  intensity  of  the  received  speech  as  is  obtained 
with  the  deskstand. 

By  lowering  the  impedance  to  about  half  that  of  the  deskstand 
receiver,  the  loss  in  the  sidetone  path  and  the  transmitting  efficiency  of 
the  set  have  been  increased.  The  lower  sidetone  tends  to  increase  the 
speaker's  talking  level,  giving  a  further  effective  gain  in  transmitting 
efficiency.  The  reduction  in  the  room  noise  appearing  in  the  sidetone 
also  results  in  an  effective  receiving  gain  as  compared  to  the  desk- 
stand. 

The  separation  between  the  diaphragm  and  the  pole  pieces  has  been 
increased  so  as  to  minimize  the  "freezing"  of  the  diaphragm  on  the 
pole  pieces,  which  is  likely  to  occur  when  clamped  diaphragm  receivers 
are  subjected  to  sudden  changes  in  temperature  of  considerable  mag- 
nitude. 

Assembled  Handset 
The  dimensions  and  proportioning  of  the  handle  and  the  assembled 
handset  are  the  result  of  rather  extensive  investigation.  They  repre- 
sent an  effort  both  to  meet  the  technical  requirements  and  to  produce 
a  mechanically  rugged  structure,  light  in  weight  and  comfortable  to 
hold,  as  well  as  attractive  in  appearance  and  in  harmony  with  the 
mounting. 

Prevention  of  Howling 

One  of  the  major  objections  to  the  handset  in  the  past  has  been  the 
tendency  to  howl.  While  a  certain  degree  of  howling  control  can  be 
realized  in  the  electrical  coupling  by  the  design  of  the  station  circuit, 
such  control  cannot  be  depended  upon  to  take  care  of  extreme  circuit 
conditions  where  the  coupling  is  greatest  and  howling  most  likely  to 
occur. 

From  an  economic  standpoint,  moreover,  it  is  desirable  that  the 
handset  should  be  completely  interchangeable  with  the  deskstand 
without  the  necessity  for  changes  in  the  set  or  other  parts  of  the  tele- 
phone plant.  If  this  is  to  be  realized,  the  handset  must  be  so  designed 
as  to  be  Inherently  free  from  the  danger  of  howling  under  any  conditions 
encountered. 

Mechanical  disturbances  set  up  by  the  receiver  produce  transverse 
vibration  In  the  handle  which  moves  the  transmitter  as  a  whole.  The 
solid  phenol  plastic  handle  employed  in  the  present  handset  has  a 
relatively  high  resonant  frequency  and  provides  a  comparatively  in- 
efficient medium  for  the  transmission  of  mechanical  disturbances  from 
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the  receiver  to  the  transmitter  in  the  frequency  range  where  the  in- 
struments respond  most  readily. 

A  further  and  perhaps  a  major  factor  in  eUminating  the  danger  of 
howling  is  to  be  found  in  the  characteristics  of  the  transmitter.     The 


^/^fP^- 


Fig.  10 — -Use  of  gauge  for  head  measurements. 

response  of  a  transmitter  to  bodily  movement  of  the  whole  structure  is 
of  coursv^  very  different  from  its  response  to  acoustical  pressures,  and 
depends  largely  on  the  mechanical  impedance  of  the  diaphragm  and  its 
supporting  structure.  The  extremely  light  and  highly  damped  dia- 
phragm of  this  transmitter  is  ideally  suited  for  minimum  response  to 
mechanical  vibration. 
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Under  the  worst  conditions  encountered,  a  margin  of  at  least  15  db 
is  realized  with  this  structure  which  effectively  eliminates  howling  as  a 
limiting  factor  in  the  general  use  of  the  handset. 

Determination  of  Dimensions 

Particular  effort  has  been  made  to  proportion  the  handset  so  that  the 
transmitter  mouthpiece  may  be  as  near  as  possible  to  the  lips  of  the 


Fig.  1 1 — Distribution  of  the  head  measurement  data. 

talker,  thereby  avoiding  unnecessary  transmitting  loss.  Care  has  been 
taken  also  to  provide  adequate  clearance  between  his  hand  and  cheek. 
In  determining  the  proper  dimensions  of  the  handle  and  assembly, 
about  4000  measurements  of  head  dimensions  were  made.  The 
subjects  selected  for  these  measurements  included  both  sexes  and  the 
various  races  in  about  the  proportion  indicated  by  the  census  figures. 
The  head  measurements  were  made  with  a  special  gauge  as  shown  in 
Fig.  10.  The  receiver  cap  was  held  to  the  ear  and  the  pin  placed  in 
contact  with  the  cheek.  The  slider  was  moved  along  the  calibrated 
bar  until  it  touched  the  lips.  A  record  was  made  of  the  dimensions 
which  determined  the  position  of  the  center  of  the  lips  relative  to  the 
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center  of  the  receiver  cap  and  the  clearance  between  the  handset  handle 
and  the  cheek. 

The  data  obtained  are  shown  graphically  on  Fig.  11  together  with 
an  outline  of  the  handset  drawn  to  the  same  scale.  All  except  about 
3  per  cent  of  the  persons  shown  on  the  chart  can  use  the  handset  by 
holding  the  receiver  to  the  ear  in  a  normal  manner.  The  others  can  be 
accommodated  by  a  slight  shift  of  the  receiver  on  the  ear.  The  effect 
of  such  a  shift  on  received  speech,  for  a  small  number  of  persons,  is 
unimportant  in  comparison  with  the  large  improvement  in  transmitting 
performance  for  the  great  majority  which  results  from  the  decrease  in 
the  average  distance  of  the  mouthpiece  from  the  lips. 

Performance  in  Service 

Since  the  initial  introduction  of  the  handset,  close  contact  has  been 
maintained  with  its  performance  by  tests  and  observations  under  ac- 
tual service  conditions,  and  by  the  examination  of  instruments  returned 
from  service. 

It  has  been  shown  by  these  observations  that,  although  the  output 
of  the  handset  transmitter  as  used  by  the  subscriber  is  on  the  average 
lower  than  that  of  deskstand  transmitters  of  the  most  efficient  types, 
the  improved  response  and  articulation  are  an  adequate  compensation 
for  the  lower  level.  The  transmission  performance  of  the  handset  as 
rated  by  the  repetitions,'^  has  been  found  to  be  as  good  as  that  ob- 
tained with  the  deskstand. 

Undesirable  variations  in  transmission  and  resistance  with  change 
in  position,  excessive  carbon  noise,  and  howling,  all  of  which  have  here- 
tofore presented  serious  obstacles  to  the  adoption  of  a  handset  for 
general  use,  have  been  successfully  overcome  in  the  design  which  has 
been  described.  It  has  been  found  practicable  to  use  this  handset  in- 
terchangeably with  the  deskstand  in  the  existing  telephone  plant, 
without  important  reactions  on  either  transmission  or  signalling 
performance. 

That  the  design,  in  addition,  meets  the  desires  of  the  public  for  the 
convenience  of  a  hand  telephone  set  is  best  evidenced  by  the  steady 
increase  in  demand  to  more  than  one  million  a  year  at  the  present  time. 

'  "Rating  the  Transmission  Performance  of  Telephone  Circuits,"  W.  H.  Martin, 
Bell  System  Technical  Journal,  Jan.  1931,  pp.  116-131. 


Precision  Methods  Used  in  Constructing  Electric  Wave 
Filters  for  Carrier  Systems 

By  G.  R.  HARRIS 

Electric  wave  filters  are  used  extensively  in  carrier  telephone  and 
telegraph  systems.  In  order  that  such  systems  may  be  operated  efficiently 
and  economically,  the  requirements  placed  on  the  filters  they  employ  are 
occasionally  so  severe  in  nature  that  new  methods  in  design  or  construction 
must  be  developed  to  make  the  commercial  production  of  the  filters  possible. 
The  band  filters  for  the  Type  "C"  Carrier  Telephone  System  are  cases  in 
point.  This  paper  sets  forth  the  requirements  which  were  met  in  the  design 
of  the  filters  for  this  system,  and  describes  a  new  manufacturing  adjustment 
made  necessary  by  these  requirements.  This  feature  consists  essentially  of 
an  inductance  continuously  variable  over  a  small  range  above  and  below  its 
nominal  value;  the  adjustment  is  not  used  to  set  the  coil  inductance  at  its 
specified  value,  but  to  locate  correctly  the  series  or  parallel  resonance  of  the 
mesh  of  which  the  coil  is  a  part.  The  bridge  and  associated  apparatus  de- 
veloped to  facilitate  this  adjustment  are  also  described. 

ONE  of  the  most  important  fields  of  usefulness  of  the  electric  wave 
filter  in  the  Bell  System  is  found  in  carrier  current  telephone  and 
telegraph  systems.  A  carrier  telephone  system  transmits  several 
messages  over  the  same  line  by  employing  several  carrier  currents  of 
frequencies  higher  than  those  in  the  ordinary  voice  band,  and  modu- 
lating these  carriers  with  the  messages  to  be  transmitted.  The 
messages  are  then  transmitted  over  the  line  as  side  bands  of  their 
respective  carriers,  and  are  demodulated  to  their  original  voice  fre- 
quencies at  the  receiving  end. 

Usually  only  one  side  band  of  a  carrier  is  transmitted  in  order  to 
reduce  the  frequency  space  required  for  each  channel.  Each  message 
as  it  appears  on  the  line  occupies  its  own  portion  of  the  frequency 
spectrum,  distinct  from  that  occupied  by  any  other  message,  and  is 
transmitted  without  interference  from  other  messages;  but  in  order 
that  the  operations  of  modulation  and  demodulation  may  be  carried  on 
without  interference  and  in  order  that  unwanted  side  bands  may  be 
suppressed,  it  is  necessary  that  each  modulator  and  demodulator  be 
equipped  with  some  apparatus  which  will  pass  all  the  side  band 
frequencies  making  up  one  message  and  reject  all  others.  Electric 
wave  filters  are  the  instruments  used  for  this  purpose,  since  they 
possess  the  property  of  passing  currents  of  certain  chosen  frequencies 
with  very  small  loss,  and  of  offering  high  attenuation  to  other  chosen 
frequencies. 

The  theory  of  electric  wave  filters  as  used  in  carrier  systems  has 
been  discussed  in  previous  articles  in  this  Joirnial,  notably  "Physical 
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Theory  of  the  Electric  Wave  Filter"  by  G.  A.  Campbell,  which 
appeared  in  the  November,  1922  issue,  and  "Theory  and  Design  of 
Uniform  and  Composite  Electric  Wave  Filters"  by  O.  J.  Zobel, 
in  the  issue  for  January,  1923.  It  is  not  the  purpose  of  the  author  to 
discuss  further  the  theory  of  wave  filter  design  or  operation,  but  rather 
to  discuss  some  of  the  problems  that  arise  when  an  attempt  is  made  to 
construct  filters  which  must  meet  certain  requirements  of  a  carrier 
system  with  a  very  small  margin  of  variation,  and  to  describe  the 
methods  of  solution  adopted.  It  is  assumed  that  the  reader  is  familiar 
with  the  general  principles  of  electric  wave  filter  theory. 
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Fig.  1 — Type  "C"  system  terminal  arrangement. 

Different  carrier  systems  require  different  numbers  and  designs  of 
filters.  A  carrier  system  designed  to  provide  three  two-way  telephone 
channels  would  have  six  band  filters  at  each  terminal.  These  filters 
would  be  of  a  type  that  passes  all  frequencies  between  certain  upper  and 
lower  frequency  limits,  and  provides  a  high  attenuation  or  loss  to  all 
frequencies  below  and  above  these  limits.  A  simplified  diagram  of 
such  a  terminal  arrangement  is  shown  in  Fig.  1. 

In  addition  to  the  band  filters,  a  pair  of  directional  filters  is  required 
at  each  terminal  to  separate  the  three  incoming  from  the  three  outgoing 
channels.  This  directional  filter  pair  is  composed  of  a  low-pass  and  a 
high-pass  filter,  which  as  their  names  imply,  pass  respectively  all 
frequencies   from   zero   up   to   the    predetermined   cut-oft"   point   and 
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attenuate  those  above  this  point,  or  pass  all  frequencies  above  the  cut- 
off point  and  attenuate  all  those  below.  The  cut-off  points  of  this 
pair  of  filters  are  so  arranged  that  the  passing  region  of  the  low-pass 
filter  includes  the  three  lower  frequency  channels  and  the  passing  range 
of  the  high-pass  filter  includes  the  three  upper  frequency  channels. 
The  location  of  the  various  filters  in  the  frequency  spectrum  is  shown 
in  Fig.  2. 
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Fig.  2 — Frequency  spectrum  of  type  "C"  normal  system. 

If  the  carrier  system  is  long  enough  to  require  repeaters,  additional 
directional  filters  must  be  employed.  These  filters  are  required 
because  repeaters  must  amplify  frequencies  going  in  both  directions. 
The  arrangement  of  the  repeater  is  shown  in  Fig.  3. 
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Fig.  3 — Schematic  of  type  "C"  repeater. 

This  paper  will  be  concerned  with  the  filters  for  the  Western  Electric 

Type  "C"  Carrier  Telephone  System,'  since  the  requirements  placed 

on  the  apparatus  for  this  system  raised  certain  problems  in  filter 

1  H.  A.  AfTel,  C.  S.  Demarest  and  C.  W.  Green,  "Carrier  Systems  on  Long  Distance 
Telephone  Lines,"  Bell  Sys.  Tech.  Jour.,  July,  1928. 
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design  and  construction  which  had  not  then  been  satisfactorily  solved. 
The  highest  frequency  to  be  used  in  this  system  was  determined,  of 
course,  by  the  limitations  of  wire  transmission  as  the  frequency  in- 
creases. The  lowest  was  set  chiefly  by  the  desire  to  avoid  interference 
from  carrier  telegraph  systems  on  other  wires  of  the  same  pole  line. 
Between  these  limits,  the  six  bands  (three  two-way  channels)  had  to 
be  located.  At  the  same  time  it  was  desirable  to  provide  a  second 
system,  with  a  frequency  allocation  offset  or  "staggered"  with  respect 
to  the  first,  to  permit  operation  of  carrier  systems  on  pairs  in  close 
proximity  where  the  normal  crosstalk  would  not  permit  operation  of 
the  same  systems.     This  is  shown  graphically  on  Fig.  4.     The  cross- 
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Fig.  4 — Frequency  spectra  of  type  "C"  normal  and  staggered  systems. 

talk  advantage  thus  obtained  is  rather  critical  with  respect  to  the 
overlap  between  interfering  channels.  These  two  factors,  first,  inter- 
ference between  channels  in  the  same  system  and,  second,  interference 
between  channels  in  adjacent  staggered  systems,  emphasized  the  need 
for  a  high  degree  of  precision  in  the  location  of  the  individual  bands. 

The  theoretical  requirements  of  the  filters,  although  severe,  were 
met  without  any  departure  from  conventional  design  practices.  The 
calculated    attenuation    characteristics    satisfied    the    minimum    loss 
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requirements  and  did  not  exceed  the  maximum  loss  requirements  in 
the  transmitting  bands.  The  margins,  however,  were  not  very  great. 
It  is  evident,  therefore,  from  Fig.  5,  that  a  very  small  shift  in  the 
frequency  location  of  the  loss  characteristic  of  a  filter  would  throw  it 
outside  the  required  limits.  The  shift  which  would  cause  this  to 
happen  was.  in  fact,  so  small,  ±125  cycles,  that  the  manufacture  of 
these  filters  by  methods  currently  in  use  resulted  in  enough  rejections 
at  the  factory  to  warrant  the  development  of  a  more  precise  method. 
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enuation  characteristic  of  38-N  filter,  showing  requirements. 


The  attenuation  characteristic  of  a  manufactured  filter  seldom 
conforms  exactly  with  that  desired  because  of  manufacturing  tolerances 
which  must  be  allowed  in  its  component  elements.  The  inductances 
and  capacitances  of  the  coils  and  condensers  which  make  up  a  filter 
differ  somewhat  from  their  specified  values  for  several  reasons.  The 
precision  of  their  adjustment  can  be  no  greater  than  the  precision  of 
the  circuits  in  which  they  are  measured.  It  is  usually  less  than  this 
figure  because  the  coils  and  condensers  used  in  precision  filters  are 
potted  in  a  moisture-proofing  compound,  after  adjustment,  and  this 
potting  produces  a  small  change  in  the  capacitance  of  the  condensers 
and  the  distributed  capacitance  of  coils  which  is  not  uniform  and  can- 
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not  be  allowed  for  exactly  in  advance.  Coil  adjustment  is  limited  by 
another  factor,  as  well;  the  adjustment  of  a  single  coil  must  be  made  in 
units  of  one  turn.  For  these  reasons  it  is  very  difficult  to  adjust  con- 
densers to  better  than  about  ±  0.3  per  cent,  and  coils  to  better  than  a 
little  over  ±  1  per  cent. 

The  effect  of  the  variation  in  element  values  may  be  manifested  in 
several  ways.  In  a  simple  half-section  low-pass  filter,  for  example, 
the  cut-off  frequency 

2WLC 

where  L  and  C  are  the  values  of  the  series  inductance  and  shunt 
capacitance.  A  variation  in  L  or  C  will  produce  a  change  in  the  cut- 
off frequency  proportional  to  the  change  in  the  element  value.  Chang- 
ing the  cut-off  frequency  is,  of  course,  equivalent  to  shifting  the  whole 
attenuation  characteristic  upward  or  downward  in  frequency.  A  change 
in  an  element  value  also  produces  a  change  in  the  filter  impedance. 
Suppose  that  in  a  network  composed  of  a  number  of  series  and  shunt 
arms,  the  impedance  of  one  arm  of  the  network,  Z,  is  increased  by  an 
amount  AZ,^.  The  current  through  that  branch  is  /,.  The  change 
in  impedance  is  approximately  equivalent  to  introducing  a  voltage  e  in 
the  circuit. 

e   =    -   I^l^Zq. 

If  E  is  assumed  to  be  the  voltage  in  series  with  the  terminal  impedance 
Zg  at  the  sending  end  of  the  network,  and  /,  is  the  input  current, 

__  IgMq   ^   E^ 

Ms     ~  I, 
from  the  reciprocity  theorem.     But 

AL  AZ 


Is  Z  +  Z, 

where  Z  is  the  input  impedance  of  the  network,  and  AZ  is  the  change 
in  Z  produced  by  the  impedance  change  in  the  arm  Z,.     Furthermore, 

£  =  (Z  +  Z,)/,. 
Therefore 

^  ^'  A// 

And 

AZ  =  AZ„  I  ^-f 
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As  a  filter  is  usually  designed  to  match  two  fixed  impedances  between 
which  it  must  operate,  a  change  in  its  impedance  caused  by  element 
variation  will  produce  a  mismatch  between  the  filter  and  its  termi- 
nating impedances  which  w  ill  result  in  reflection  loss  in  the  transmitting 
region.  However,  the  reflection  loss  arising  from  impedance  deviation 
caused  by  element  variation  is  usually  much  less  troublesome  than  the 
shift  in  the  attenuation  characteristic  produced  by  this  variation. 

A  more  complicated  type  of  filter,  such  as  the  symmetrical  "Con- 
stant ^"  band  pass  section  exhibits  a  more  involved  relation  between 
the  cut-off  frequencies  and  the  values  of  the  elements.  Li  and  Ci  are 
the  series  arm  inductance  and  capacitance,  while  L2  and  Ci  are  the 
inductance  and  capacitance  in  the  shunt  arm. 


h 
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In  the  equation  as  written  L2  does  not  appear  explicitly,  but  as  in 
this  type  of  section  LiCi  =  L2C2  the  equation  may  be  written  with 
L2C2  as  the  denominator  of  the  second  term  in  place  of  LiCi,  if  desired. 
Therefore,  three  LC  products  influence  each  cut-off  frequency;  three 
resonant  frequencies,  therefore,  must  be  held  constant  if  the  cut-offs 
are  not  to  vary.  The  mid-band  frequency  of  this  section  is  given  by 
the  equation 


^"^  ~  2it\2 


'  +  ' 
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from  which  it  is  seen  that  two  LC  products,  LiCi  and  L2C2,  must  be 
held  constant  if /m  is  not  to  vary. 

Element  variation  may  cause  a  shift  in  the  cut-off  points  and  thus 
a  displacement  of  the  attenuation  or  impedance  characteristic  of  any 
type  of  section,  but  it  may  have  another  effect  on  the  characteristics  of 
M  type  sections.  An  M  type  section  provides  a  peak  of  attenuation 
at  some  finite  frequency,  which  is  determined,  in  most  sections  of  this 
type  in  common  use,  by  a  single  pair  of  elements;  either  a  series 
resonant  combination  shunted  across  the  filter  or  a  parallel  resonant 
combination  in  a  series  arm.  \^ariation  in  either  of  the  elements 
determining  the  location  of  the  peak  will  cause  a  shift  in  the  location 
of  this  peak  proportional  to  the  element  variation.  Changes  in  these 
elements  would  affect  the  cut-offs  of  the  section  as  well  as  the  peak  or 
peaks,  but  it  may  happen  that  variation  in  the  opposite  direction  of 
other  elements  in  the  section  will  result  in  negligible  shift  of  the  cut- 
offs, while  the  peaks  are  shifted  noticeably.  Thus  the  attenuation 
characteristic  of  an  M  type  section  may  be  distorted  as  well  as  dis- 
placed by  element  variation. 
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The  critical  region  of  the  type  "C"  system  band  filter  requirements 
was  the  slope  of  the  attenuation  characteristic  from  the  cut-f)!!"  to  the 
peak  nearest  the  carrier  side  of  the  transmitting  band.  The  system 
was  designed  to  transmit  one  sideband  only,  and  the  band  filters  were 
required  to  suppress  the  carriers  at  least  15  db.  The  transmitted  side- 
band for  each  filter  extended  from  250  to  2750  cycles  from  the  carrier, 
so  that  in  every  case  the  filter  had  to  offer  at  least  15  db  suppression 
to  the  carrier  frequency,  which  was  only  250  cycles  away  from  the 
edge  of   the   transmitting   band.     Where   the   carrier  frequency  was 
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EFFECT  OF  ^7o  SHIFT  DOWNWARD 
OF  RESONANT  FREQUENCIES  OF 
L|  Cj,    L4C4  AND  L5C5  MESHES 

REQUIREMENTS 

NORMAL  CHARACTERISTIC 
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FREQUENCY    IN   KILOCYCLES 


Fig.  6 — Attenuation  characteristics  of  38-N  filter,  showing  effect  of  element  variation. 

25  kc,  the  separation  was  only  1  per  cent.  This  requirement  necessi- 
tated very  steep  slopes  of  the  attenuation  characteristic,  especially  for 
the  higher  frequency  filters;  at  these  slopes  a  frequency  shift  of  1/2  per 
cent  produced  a  change  in  attenuation  of  9  or  10  db,  as  may  be  ob- 
served in  Fig.  6. 

As  the  precision  of  adjustment  for  condensers  was  three  or  four 
times  that  for  coils,  it  was  obvious  that  some  improvement  in  coil 
construction  or  adjustment  would  have  to  be  made.  Furthermore, 
since  the  important  limiting  factors  in  the  adjustment  of  both  coils 
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and  condensers  were  the  precision  of  the  bridge  standards  and  the 
bridge  operating  technique  in  the  shop  it  seemed  unlikely  that  more 
precise  location  of  the  filter  characteristics  could  be  obtained  until 
these  factors  were  improved.  However,  another  way  was  found.  It 
has  been  pointed  out  in  preceding  paragraphs  that  critical  points, 
such  as  cut-off  points  and  attenuation  "peaks"  are  usually  dependent 
upon  the  resonant  frequency  of  a  pair  of  elements,  or  perhaps  of  several 
pairs.  It  is  much  more  important  that  these  critical  frequencies  be 
correctly  located;  that  is,  that  the  L-C  product  of  the  elements  be  of 
the  correct  value,  than  that  either  element  alone  be  of  the  correct 
value.  Therefore,  if  some  way  could  be  found  of  adjusting  a  combina- 
tion of  elements  associated  together  in  a  filter  so  that  the  L~C  product 
would  be  of  the  correct  value,  a  considerable  improvement  in  the 
precision  of  the  attenuation  characteristic  location  might  be  expected. 
If  the  elements  could  be  adjusted  so  that  a  negative  deviation  in 
condenser  capacity,  for  example,  could  be  compensated  for  by  a 
positive  deviation  in  coil  inductance,  the  L-C  product,  and  therefore 
the  resonant  frequency,  would  be  correct,  and  the  effect  of  the  indi- 
vidual element  deviation  would  be  greatly  minimized,  though  not 
entirely  eliminated.  Either  an  adjustable  coil  or  an  adjustable  con- 
denser would  make  this  procedure  possible;  and,  as  such  a  resonant 
frequency  adjustment  could  be  made  to  the  precision  of  an  oscillator 
calibration,  or  about  0.05  per  cent,  if  necessary,  the  errors  of  in- 
ductance and  capacity  bridge  standards,  as  well  as  initial  adjustment 
error  and  variation  due  to  potting  would  be  eliminated  at  the  resonant 
frequency,  and  their  effects  minimized  greatly  at  other  frequencies. 

Development  was  therefore  started  on  an  adjustable  type  of  in- 
ductance. As  the  simplest  and  most  inexpensive  coil  was,  of  course, 
the  most  desirable,  efforts  were  made  to  modify  the  solenoidal  air 
core  coil  used  in  previous  carrier  filters.  One  scheme  considered  was 
to  mount  a  small  copper  vane  in  such  a  way  that  it  could  be  moved 
into  or  out  of  the  field  of  the  coil;  the  eddy-currents  in  the  vane  set 
up  a  small  counter  field  that  neutralized  a  part  of  the  field  of  the  main 
coil  and  thus  reduced  its  inductance.  Another  method  made  use  of  a 
small  "pancake"  wound  coil  mounted  vertically  on  the  side  of  the 
main  coil  so  that  it  could  be  moved  up  or  down,  into  or  out  of  the  field 
of  the  main  coil.  This  small  coil  was  short-circuited,  and  therefore 
produced  an  effect  similar  to  that  of  a  copper  vane.  The  model 
finally  adopted,  however,  although  using  the  same  principle  of  adjust- 
ment, was  made  in  a  somewhat  different  form.  A  rectangular  rotor 
was  constructed  to  fit  around  the  main  coil.  This  rotor  w^as  pivoted 
to  the  main  coil  on  its  short  sides  and  could  be  rotated  through  an 
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angle  of  approximately  60°  about  its  horizontal  axis.  On  this  rotor 
was  wound  a  large  number  of  turns  of  small  gauge  wire,  and  the  winding 
was  short-circuited.  A  coil  of  this  type  is  shown  in  Fig.  7.  The 
coupling  between  the  rotor  in  its  horizontal  position  and  the  main 
coil  is  very  small,  and  therefore  the  effective  inductance  between 
terminals  is  practically  that  of  the  main  coil.  However,  if  the  rotor 
is  rotated  in  such  a  way  that  its  plane  becomes  more  nearly  parallel 


Fig.  7 — Photograph  of  "AA"  coil. 


with  that  of  the  main  coil  the  coupling  between  it  and  the  main  coil 
is  increased,  and  the  effective  inductance  of  the  whole  is  reduced.  It  is 
possible  to  vary  continuously  the  inductance  of  a  coil  of  this  design 
over  a  range  of  about  3-2  per  cent. 

When  coils  of  this  type  and  their  associated  condensers  are  connected 
together  as  they  would  appear  in  a  filter,  their  resonant  frequency  or 
frequencies  are  located  by  an  adjustment  of  the  coil  or  coils  in  the 
mesh.     If  the  mesh  contains  more  than  one  adjustable  coil,  more  than 
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one  resonant  frequency  may  be  located.  As  many  of  these  resonant 
frequencies  may  be  located  in  this  way  as  there  are  adjustable  elements 
in  the  mesh.  Since  the  condensers  are  not  adjustable,  all  of  the 
frequencies  of  series  and  parallel  resonance  in  a  complex  mesh,  will  not, 
in  general,  be  capable  of  adjustment.  If  the  mesh  is  composed  of 
n  condensers  and  m  coils,  and  the  difference  between  m  and  w  is  not 
more  than  1  (if  this  condition  is  violated  the  mesh  can  be  reduced  to 
an  electrically  equivalent  one  containing  a  smaller  number  of  elements) , 
the  number  of  resonant  and  anti-resonant  frequencies  is  clearly 
(w  +  «  —  1).  However,  since  the  number  of  adjustments  possible  is 
equal  only  to  the  number  of  coils,  w,  the  number  of  frequencies  which 
cannot  be  exactly  located  is  {n  —  1),  or  one  less  than  the  number  of 
condensers.  This  condition  is  not  very  objectionable  in  practice  as 
the  mesh  configuration  is  usually  chosen  to  be  of  a  form  which  permits 
the  more  important  critical  frequencies  to  be  adjusted.  In  a  four- 
element  mesh,  the  largest  usually  encountered  in  an  ordinary  filter 
structure,  two  of  the  three  resonant  frequencies  may  be  adjusted,  and 
furthermore,  the  adjusted  frequencies  may  be  any  two  of  the  three; 
in  most  cases  the  adjustment  of  two  frequencies  is  sufficient. 

The  frequency  adjustment  is  actually  made  on  a  bridge  circuit, 
the  schematic  of  which  is  shown  in  Fig.  8.  Two  of  the  bridge  arms 
are,  of  course,  ratio  arms;  the  mesh  to  be  adjusted  is  connected  in 
circuit  as  a  third  arm,  and  the  fourth  arm  is  a  variable  resistance. 
For  series  resonance  adjustment,  the  desired  frequency  is  impressed 
on  the  bridge,  and  the  inductance  of  the  adjustable  coils  varied  so 
that  the  impedance  of  the  mesh  becomes  a  pure  resistance,  which  is 
balanced  by  an  adjustment  of  the  resistance  in  the  opposite  bridge  arm. 
For  a  parallel  resonance  measurement,  a  resistance  of  10,000  ohms  is 
shunted  across  the  mesh  being  adjusted,  and  the  coil  varied  until  the 
reactance  component  of  the  mesh  impedance  vanishes,  when  the 
resistance  of  the  10,000  ohms  in  parallel  with  the  resistance  of  the  mesh 
can  be  balanced  in  the  fourth  bridge  arm. 

This  frequency  adjustment  of  filter  arms  involved  a  change  in 
filter  manufacturing  procedure.  Ordinarily  the  coils  and  condensers 
for  the  filter  are  individually  adjusted,  then  mounted,  wired,  and  the 
filter  finally  tested  as  a  whole,  but  an  additional  step  is  required  in 
the  construction  of  filters  employing  adjustable  coils.  It  is  necessary 
to  adjust  the  resonant  frequencies  of  meshes  after  the  elements  are 
mounted,  but  before  the  filter  is  finally  wired  and  tested,  and  further- 
more, it  is  necessary  to  adjust  these  elements  under  exactly  the  same 
conditions  that  obtain  during  filter  operation  if  the  full  benefit  of  the 
adjustable  feature  is  to  be  realized.     This  requirement  presented  a 


ELECTRIC   WAVE   FILTERS 


275 


difficulty,  as  the  filters  for  the  type  "C"  carrier  system  are  assembled 
in  copper  boxes  or  shields  as  shown  in  F'ig.  9  and  are  completely 
soldered  all  around,  including  the  lid.  This  type  of  assembly  was 
made  necessary  by  the  requirements  on  cross-talk  between  filters 
mounted  next  to  each  other  on  a  vertical  rack.  The  cross-talk  between 
two  filters  mounted  side  by  side  was  required  to  be  135  db  below  the 
signal  currents,  or,  in  other  words,  the  ratio  of  the  desired  signal  to 
the  cross- talk  had  to  be  a  little  over  5,000,000  : 1.     The  chief  cause  of 
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R-VARIABLE 
RESISTANCE 


DETECTOR 
Fig.  8 — Simplified  schematic  of  L-C  bridge. 

such  cross-talk  between  two  pieces  of  apparatus  is  electromagnetic 
coupling  between  them ;  to  reduce  this  coupling  eddy-current  shielding 
is  emplo3'ed.  Eddy-current  shielding  is  accomplished  by  surrounding 
the  source  of  a  var>qng  electromagnetic  field — a  coil,  say,  or  the  coils 
in  a  filter — by  some  metal,  such  as  copper,  brass  or  aluminum,  which 
has  good  conductivity. 

To  make  clear  the  effect  of  a  shield  on  an  inclosed  inductance,  a 
brief  discussion  of  shielding  may  be  of  interest.     If  a  coil  through  which 
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an  alternating  current  Is  flowing  is  enclosed  in  such  a  shield,  one  part  of 
the  flux  lines  from  the  coil  will  encounter  the  shield;  the  remaining 
part  will  not.  Let  every  line  A(^  of  the  flux  which  encounters  the 
shield  be  divided  into  components  perpendicular  to  the  shield  and 
parallel  to  it.  If  9  is  the  angle  between  such  a  line  and  the  plane  of 
the  shield,  the  component  perpendicular  to  the  shield,  which  is  effective 
in  setting  up  eddy  currents  in  it  is  A^sin  6.  The  other  component, 
A^  cos  6,  makes  no  coupling  with  this  shield,  and  sets  up  no  eddy  cur- 
rents.    To  every  line  A^  sin  6  the  shield  presents  a  certain  inductance 


Fig.  9 — Photograph  of  filter  in  soldered  shield. 


and  resistance,  and  the  average  inductance  and  resistance  presented 
to  all  the  linking  lines  may  be  taken  as  the  inductance  and  resistance 
of  the  shield.  The  equivalent  circuit  of  a  coil  surrounded  by  a  shield 
may  be  indicated,  then,  as  a  coil  Li  of  two  sections  coupled  to  a  second 
coil  L2,  in  parallel  with  a  resistance  i?2-  This  parallel  circuit  is  the 
equivalent  circuit  of  the  shield.  The  coil  Li  has  a  total  inductance 
equal  to  that  of  the  coil  in  the  shield,  and  is  considered  to  be  divided 
into  two  sections,  the  first  of  which,  "A,"  makes  no  coupling  at  all 
with  L2,  and  the  second,  "B,"  which  makes  perfect  coupling  with  L?. 
If  K  is  the  coefficient  of  coupling  between  the  coil  Lx  as  a  whole  and  L2, 
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the  portion  "B"  of  Li  is  equal  to  K'^Lu  Now  let  a  current  A  be  as- 
sumed to  be  flowing  in  L,  and,  A  in  L2^ ^The  mutual  inductance  be- 
tween the  coil  and  the  shield  is  -  K^JLiLi.  If  ei  is  the  voltage  drop 
across  the  portion  "B"  of  Li 

\ex  =  jcoK'^LJi  —  jccK^LiL-,l2 


from  which 


Suppose  i?2  =  0,  which  would  be  the  case  if  the  shield  were  made 
of  a  perfect  conductor.  Then  ex  =  0.  If,  however,  R^  is  assumed  to 
be  infinite,  ei  =  IjjwK^Li,  the  voltage  which  would  appear  if  the  shield 
were  not  present.  Since  the  portion  "  B  "  of  Li  is  the  only  inductance 
coupled  with  the  shield,  it  is  the  only  source  of  a  field  which  might  ex- 
tend beyond  the  shield.  Therefore,  when  R2  is  0,  and  ex  the  voltage 
across  "B"  is  also  0,  there  is  no  energy  in  the  field,  and  it  obviously 
cannot  make  coupling  with  anything  beyond  the  shield.  This  condi- 
tion would  obtain  for  perfect  shielding,  but  R2,  of  course,  is  never  zero 
in  practice. 

When  i?2  is  finite,  "ei,"  the  voltage  across  "B"  is  finite,  and  a  certain 
amount  of  energy  is  transferred  to  the  equivalent  circuit  of  the  shield. 
Part  of  this  energy  is  dissipated  in  the  equivalent  resistance  of  the 
shield,  and  the  remainder  is  stored  in  the  field  of  the  equivalent  induc- 
tance. 

The  reactance,  or  "j"  term  of  Equation  1  is  a  measure  of  the  energy 
stored  in  the  shield  and  is,  therefore,  also  a  measure  of  the  field  which 
may  exist  outside  the  shield.  As  the  flux  is  proportional  to  the  am- 
pere-turns, and  the  reactance  is  proportional  to  the  square  of  the  turns, 
the  square  root  of  the  ratio  of  this  reactance  value  when  i?.  is  infinite 
to  its  value  when  R2  is  finite  is  the  average  ratio  of  the  flux  (po  with 
no  shield  present  to  the  flux  <p,  with  the  shield  present. 


1 


where  P  =  -^ 
L2 


^!~Vi?2^+ W"  v+l^'  ^^^ 


The  efficacy  of  the  shielding  in  reducing  the  external  field  is  therefore 
seen  to  be  dependent  upon  the  frequency,  and  a  parameter  "P,"  the 
ratio  of  resistance  to  inductance  of  the  shield  itself.  As  the  voltage  in- 
duced in  some  coil  beyond  the  shield  is  proportional  to  the  flux,  the 
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reduction  in  cross-talk  caused  by  shielding  may  be  written 

a  =  20  logjo^^  =  10  logio  (  1  +  ll)  •  (3) 

In  the  1/32  inch  copper  shields  ordinarily  used  for  filters,  the  para- 
meter "P"  has  been  found  to  have  values  from  1250  at  500  cycles 
to  2500  at  15000  cycles. 

From  Equation  1,  the  change  in  impedance,  AZ  of  the  coil,  caused 
by  the  presence  of  the  shield,  may  be  written 

.  „  _    ,   WK'^L.UR,]  _  .    WK'L.U^  ... 

This  change  is  made  up  of  a  decrease  in  reactance  and  an  increase 
in  the  effective  resistance  of  the  coil.  The  percentage  change  in  both 
resistance  and  reactance  may  be  written 

ALi 
and 


Lj    "       P2  +  co^ '  ^^^ 


The  percentage  change  in  the  inductance  of  the  solenoidal  air-core 
coils  mounted  inside  ranged  from  2  per  cent  to  4  per  cent,  depending 
upon  the  proximity  of  the  coil  to  the  shield.  Since  these  changes 
depended  upon  the  distance  of  the  coils  from  the  shield,  slight  vari- 
ations in  the  winding  diameters  of  the  coils  caused  variation  in  the 
magnitude  of  this  cover  effect,  so  that  although  this  change  in  in- 
ductance was  taken  into  account  by  specifying  inductance  values  for 
the  filter  coils  2  to  4  per  cent  higher  than  indicated  by  the  design 
computations,  the  corrections  were  only  approximate.  No  such 
correction  was,  of  course,  necessary  for  the  condensers;  the  condensers, 
therefore,  as  measured  outside  the  filter  shield,  were  still  correct,  but 
the  coils  under  the  same  conditions,  measured  higher  than  specified 
values.  It  was  obvious  that  the  resonant  adjustment  should  not  be 
made  with  the  coils  outside  their  shields,  as  the  approximate  nature 
of  the  cover  correction  would  vitiate  the  precision  of  the  adjustment, 
but  it  was  equally  obvious  that  it  would  be  very  difficult  to  make  a 
coil  adjustment  inside  the  soldered  cans,  as  the  elements  would  then 
be  inaccessible. 
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As  mentioned  above,  the  purpose  of  the  filter  shielding  was  to 
reduce  the  cross- talk  between  filters  mounted  side  by  side;  the  effect 
of  the  shield  upon  the  coil  inductances  was  an  unwelcome  incidental. 
When  the  coil  adjustment  was  considered,  however,  the  shielding 
effect  of  the  copper  can  was  of  no  interest,  but  its  effect  on  inductances 
was  of  paramount  importance.  Efforts  were  made  to  devise  a  dummy 
shield  which  would  simulate  the  standard  filter  shield  in  its  effect 
upon  the  inductances  of  the  coils  mounted  inside  but  in  which  the 
coils  would  be  readily  accessible  for  adjustment.  As  it  was  expected 
that  the  adjustable  coil  would  enable  resonant  frequencies  to  be 
located  at  their  desired  values  within  limits  of  ±0.1  per  cent,  it  was 
necessary  that  any  dummy  shield  developed  for  use  in  the  adjusting 
process  should  reproduce  on  the  coils  the  effect  of  the  filter  shield  to 
at  least  this  figure.  In  the  ideal  case,  it  would  have  been  desirable 
that  the  difference  between  the  dummy  or  adjusting  shield  and  the 
standard  shield  be  no  greater  than  the  difference  between  two  standard 
shields. 

Several  different  designs  of  adjusting  shields  were  tried  in  the 
attempt  to  realize  this  ideal.  The  model  finally  adopted  was  con- 
structed in  the  following  manner:  A  box  of  the  same  height  and  width 
but  slightly  shorter  than  the  standard  shield  was  built,  open  at  one 
end.  Laboratory  tests  showed  that  for  coils  placed  inside  the  shield 
near  the  closed  end,  the  reduction  in  inductance  caused  by  the  shield 
was  almost  entirely  unaffected  by  conditions  at  the  other  end  of  the 
shield.  The  far  end  could  be  closed  or  left  open  with  an  effect  which 
was  negligible  in  comparison  with  the  total  inductance  change  caused 
by  the  shield.  This  condition,  of  course,  held  only  for  coils  in  the 
closed  end  or  at  a  distance  of  at  least  three  coil  diameters  from  the 
open  end  of  the  shield.  Since  the  maximum  number  of  solenoidal 
coils  mounted  on  a  panel  in  the  type  "  C  "  system  filters  was  four,  it  was 
necessary  only  that  the  adjusting  shield  simulate  the  standard  for 
two  coil  positions,  as  a  filter  panel  could  be  turned  end  for  end  and  the 
other  two  coils  inserted  in  the  shield  after  the  first  two  coils  were 
adjusted.  The  method  of  adjustment  employed  was  the  same  for  all 
the  preliminary  models  as  for  the  final  design.  Small  holes  were 
drilled  in  the  top  of  the  shield  corresponding  to  the  standard  coil 
locations  in  the  filters,  and  through  these  holes  the  coils  were  adjusted 
by  means  of  hard  rubber  rods  with  small  buttons  at  their  ends.  For 
each  coil  position  a  pair  of  these  rods  was  provided,  so  arranged  that 
one  could  be  rested  on  each  of  the  long  sides  of  the  coil  cradles.  Then, 
by  pushing  on  one  rod  or  the  other,  the  operator  could  move  the 
cradle  to  the  desired  position. 
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The  adjusting  shield  as  finally  constructed,  and  as  now  used 
both  by  the  Bell  Laboratories  and  by  the  Western  Electric  Company, 
consists  of  two  of  the  open  shields  previously  described,  mounted  on 
an  angle  iron  frame  with  the  open  ends  facing  each  other,  as  illustrated 
in  Fig.  10.     The  two  shields,  which  are  separated  by  a  distance  great 


(T'ffflD^^^ 


Fig.  10 — Photograph  of  apparatus  adjusting  shield. 

enough  to  allow  the  filter  assembly  to  be  inserted  between  them,  are 
equipped  with  a  number  of  adjusting  tools  sufThcient  to  adjust  coils  in 
any  of  the  standard  positions.  The  right  hand  shield  was  arranged 
to  accommodate  only  the  coils  mounted  on  the  right  of  the  sub- 
panel  center  line,  and  the  left  hand  shield  was  arranged  to  care  for 
the  coils  mounted  on  the  other  half  of  the  panel.  Resonant  frequency 
adjustments  made  in  the  shield  have  been  checked  to  within  a 
maximum  of  about  ±  0.05  per  cent  against  the  frequency  of  the  same 
combination  in  a  standard  soldered  shield. 

The  shield  is  used  with  a  special  bridge  and  associated  oscillator 
and  detector,  designed  for  the  purpose.  The  bridge  is  very  similar 
to  the  standard  current  bridges  employed  for  measuring  impedances 
at  carrier  frequencies,  and  the  complete  circuit  is  shown  in  Fig.  11. 


7 

-o  y^'^^"^ 

OSCILLATOR 

"°    HARMONIC    °~ 

SUPPRESSION 
_o       FILTER        o. 

L-C  BRIDGE 

AMPLIFIER 

\y 

r^ 

^99                999 

INDICATING 

-=!= 

METER 

~ 

nh 

U 

h 

L< 

) 

ADJUSTING 
SHIELD 

Ofi: 

I 

h 

R 

l; 

si; 

B 

jT/' 

o;< 

KNCE 

Fig.  1 1 — L-C  circuit  arrangement. 
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A  complete  circuit  for  resonant  frequency  adjustment  is  set  up  at 
the  Kearny,  N.  J.  Works  of  the  Western  Electric  Company  where 
carrier  filters  are  manufactured.  There,  after  the  coils  and  con- 
densers in  the  filter  are  mounted  upon  their  sub-panel  (or  panels), 
but  before  they  are  wired,  the  assemblies  are  brought  over  to  the 
resonant  frequency  adjusting  circuit,  familiarly  known  as  the  L-C 
circuit.  The  sub-panel  is  placed  in  one  end  of  the  adjusting  shield 
and  the  coils  on  that  end  of  the  sub-panel  are  adjusted  in  the  manner 
previously  outlined,  after  which  the  sub-panel  is  brought  over  to  the 
other  end  of  the  shield,  and  the  remaining  coils  are  adjusted.  After 
the  coil  rotors  have  been  set  at  the  positions  for  correct  adjustment, 
they  are  locked  by  tightening  the  four  screws  which  hold  the  coil 
terminal  strip  in  place.  The  coil  top  presses  down  on  the  wedges 
(one  of  which  is  visible  in  Fig.  7)  on  each  side  of  the  coil  case,  and 
these  wedges  in  turn  clamp  the  rotor  bearings  firmly.  Then  the  sub- 
panels  are  removed  from  the  circuit,  wired,  and  assembled  in  their 
shields. 

This  method  of  obtaining  increased  precision  in  filter  manufacture 
was  first  employed  in  the  band  filters  and  equalizers  for  the  Type  "  C  " 
Carrier  Telephone  System.  Previously,  the  ±  1  per  cent  limit  on 
solenoidal  air-core  coils,  the  ±  0.3  per  cent  Hmit  on  mica  condensers, 
and  the  additional  ±  0.7  per  cent  variation  in  the  eflect  of  the  filter 
shield  in  the  coil  inductance,  caused  by  variation  in  the  coil  diameter, 
variation  in  the  shield  dimensions,  and  variation  in  mounting  location, 
which  added  up  to  ±  2  per  cent  L-C  variation,  imposed  ail  per  cent 
limit  on  the  precision  of  frequency  location.  When  the  L-C  method 
of  adjustment  is  employed,  the  resonant  frequency  of  a  coil  and 
condenser  combination  may  be  adjusted  to  ±  0.05  per  cent,  the 
precision  of  oscillator  caHbration,  plus  the  ±  0.1  per  cent  limit  on 
the  adjustment  process,  or  ±  0.15  per  cent.  In  the  laboratory  it  is 
possible  to  adjust  the  resonant  frequency  of  an  element  combination 
to  limits  closer  than  ±  0.1  per  cent,  but  the  ±  0.1  per  cent  limits 
were  set  in  the  shop  in  order  that  production  might  proceed  without 
undue  delay  occasioned  by  the  process  of  adjustment.  The  ±  0.7 
per  cent  tolerance  caused  by  variation  in  coil  diameter,  shield  dimen- 
sions and  coil  location  is  reduced  to  a  variation  of  ±0.1  per  cent  in 
L-C  product,  or  ±  0.05  per  cent  in  frequency;  the  diflerence  between 
the  adjusting  shield  and  a  filter  shield  caused  by  the  variation  in 
dimensions  of  filter  shields.  The  precision  of  manufacture  of  filters 
using  the  L-C  method  of  adjustment  is,  therefore,  ±  0.15  per  cent, 
the  limits  for  the  adjusting  process,  plus  ±  0.05  per  cent,  the  margin 
for  variation  in  filter  shield  dimensions,  or  ±  0.20  per  cent  in  frequency. 
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At  30  kc,  this  figure  represents  a  variation  in  the  location  of  the 
attenuation  characteristic  of  ±  60  cycles.  However,  variations  in  the 
effective  resistances  of  the  filter  coils,  and  variations  in  the  reflection 
loss  caused  by  small  changes  in  the  filter  impedance  produce  changes 
in  the  attenuation  of  a  filter  which  must  be  taken  into  consideration. 
The  sum  of  these  variations  amounted  to  about  ±15  cycles.  The 
±  60  cycle  precision  at  30  kc,  the  highest  frequency  of  the  type  "C" 
system,  became,  therefore,  ±  75  cycles;  a  figure  well  within  the  ±125 
cycle  maximum  shop  limit  required  by  the  system,  and  considerably 
less  than  the  ±  300  cycle  limits  formerly  obtainable. 

The  adoption  of  this  method  of  filter  construction  has  made  it 
possible  to  realize  in  commercial  manufacture  the  high  precision  of 
characteristic  location  which  was  formerly  limited  to  laboratory 
construction. 


Cathode  Sputtering — A  Commercial  Application* 

By  HAL  F.  FRUTH 

The  theory  of  cathode  sputtering  with  the  advantages  and  limitations  in 
the  application  of  this  process  is  discussed,  followed  by  a  description  of  the 
commercial  equipment  and  methods  for  applying  gold  electrode  surfaces 
to  diaphragms  of  certain  types  of  microphones. 

By  proper  design  of  the  vacuum  chamber  and  the  inside  parts,  a  fairly 
uniform  discharge  current  density  and  a  uniform  deposit  is  obtained.  A 
constant  sputtering  rate  is  produced  by  the  use  of  a  bleeder  valve  which 
maintains  a  proper  residual  pressure.  Adherence  and  continuity  are  ob- 
tained by  the  use  of  a  special  cleaning  process. 

An  extensive  bibliography  on  cathode  sputtering  is  included. 

Introduction 

ALTHOUGH  the  process  of  electrostatic  deposition  of  metals  by 
high  voltages  in  a  partial  vacuum,  commonly  known  as  cathode 
sputtering,  has  been  known  for  more  than  a  half  century,  it  has  hereto- 
fore found  but  little  commercial  application.  Rather  extensive  use  of 
it  has,  however,  been  made  in  physics  research  laboratories  for  such 
purposes  as  the  production  of  highly  reflecting  surfaces  on  mirrors  and 
prisms,  for  spectrometers,  interferometers,  etc.,  and  the  making  of 
extremely  thin  metal  films  for  fundamental  studies  in  atomic  structure 
and  electron  theory.  Sputtering  has  also  been  used  in  the  manufac- 
ture of  very  fine  conducting  quartz  fibres  for  suspensions  in  sensitive 
instruments  such  as  quadrant  and  string  electrometers,  galvanometers, 
and  electrocardiographs,  and,  to  some  extent,  for  etching  certain 
metals. 

In  the  following  paragraphs  it  is  intended  to  give  a  brief  explanation 
of  the  process  and  a  description  of  a  commercial  application  in  the 
production  of  diaphragms  for  certain  microphones. 

« 
Theory 

Some  fifty  years  ago,  various  investigators  working  on  high  voltage 
discharges  in  vacuo  discovered  that  disintegration  of  the  cathode  oc- 
curs for  nearly  all  metals  and  that  the  removed  metal  is  deposited  in  a 
very  fine  state  of  subdivision  on  nearby  objects.  Various  theories  have 
been  formulated  as  to  the  mechanism  of  this  phenomenon.  Some 
investigators  have  attempted  to  explain  it  by  stating  that  it  is  a  type  of 
electrical  evaporation  where  the  electrical  potential  is  analogous  to  the 
temperature  potential  in  ordinary  thermal  evaporation.  More  plaus- 
ible theories,  recently  advanced,  are  that  the  metal  atoms  or  particles 

*  Physics,  April,  1932. 
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leave  the  cathode  as  a  result  of  positive  ion  bombardment,  either  as  a 
result  of  single  impacts  or  by  cumulative  action.  This  does  not  seem 
to  hold  for  all  metals  and  residual  gases,  and  it  has  been  suggested 
that  in  some  cases  sputtering  is  due  to  the  absorption  of  radiation  pro- 
duced when  the  gas  ions  are  stopped  at  the  cathode. 

There  has  also  been  a  great  deal  of  controversy  as  to  the  structure 
of  the  sputtered  film.  Most  of  the  more  recent  evidence  indicates 
that  the  films  are  of  a  crystalline  nature. 

Advantages  of  Sputtering  Over  Other  Methods 
OF  Metallizing 
In  general,  cathode  sputtering  cannot  compete  with  the  more  com- 
mon processes  of  metallic  deposition,  but  in  many  special  cases  it  can 
be  employed  where  other  methods  are  inapplicable.  This  is  especially 
true  (a)  when  metals  are  to  be  deposited  upon  non-conductors,  {b) 
when  the  surfaces  to  be  metallized  would  be  injured  by  contact  with 
chemical  solutions  or  high  temperature,  (r)  when  either  a  very  thin 
continuous  metal  coat  or  a  very  smooth,  highly  reflecting  coat  is  de- 
sired, (d)  when  metals  are  to  be  deposited  that  are  very  difficult  to 
deposit  in  any  other  manner,  such  as  silicon,  tellurium,  or  selenium, 
(e)  when  a  metal  is  to  be  deposited  upon  another  metal  far  removed 
from  it  in  the  electrochemical  series,  such  as  gold  or  platinum  upon 
aluminum  or  magnesium.  In  such  cases,  electrolytic  corrosion  is  very 
apt  to  occur  in  the  presence  of  moisture  or  traces  of  electrolyte. 

Commercial  Application 

Cathode  sputtering  has  been  used  commercially  by  the  Western 
Electric  Company  with  excellent  results  in  the  manufacture  of  dia- 
phragms for  carbon  broadcasting  transmitters,  illustrated  in  Fig.  1. 
This  type  of  microphone  consists  essentially  of  a  tightly  stretched 
duralumin  diaphragm  located  between  two  chambers  containing  gran- 
ular carbon.  The  manner  in  which  the  double  button  type  of  micro- 
phone is  connected  to  the  amplifiers  of  the  broadcasting,  public  address, 
or  sound  picture  system  is  schematically  shown  in  Fig.  2.  Those 
parts  of  the  diaphragm  which  come  in  contact  with  the  carbon  are 
covered  with  gold,  a  metal  which  has  been  found  to  be  ideally  suited 
for  microphonic  purposes.  It  is  exceedingly  important  that  the  gold 
coating  be  continuous  and  remain  adherent,  for  if  the  carbon  should 
make  contact  in  a  number  of  places  with  the  duralumin,  it  is  quite 
likely  that  the  microphone  would  be  noisy  and  therefore  unfit  for  use. 

When  the  gold  spots  were  formed  by  the  plating  process  previously 
used,  considerable  trouble  was  experienced  because  of  such  defects 
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as  blisters,  peeling,  and  pin  Iioles  probably  due  largely  to  electrolytic 
corrosion.  The  substitution  of  the  sputtering  process  has  practically 
eliminated  such  defects.  Some  additional  advantage  over  electrolytic 
plating  is  that  a  thinner  continuous  film  can  be  deposited,  making  it 
possible  to  stretch  the  diaphragm  to  a  higher  natural  frequency  with 
less  tension.  This  decrease  in  tension  has  resulted  in  a  smaller  fre- 
quency loss  due  to  fatigue.  The  introduction  of  the  sputtering  process 
has,  therefore,  not  only  improved  the  quality  of  the  microphone,  but 
lengthened  its  life. 
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Fig.  1 — Cross-sectional  view  of  the  two-carbon-chamber,  stretched- 
diaphragm  microphone. 


Equipment  and  Method 

In  order  to  apply  a  satisfactory  gold  electrode  surface  to  the  dura- 
lumin diaphragm  by  cathode  sputtering  commercially,  it  was  neces- 
sary to  develop  a  special  cleaning  process  for  the  diaphragms  and 
suitable  equipment  with  multiple  sputtering  electrodes. 

To  insure  proper  continuity  and  adherence  of  the  gold  to  the  dura- 
lumin, the  glossy  roll  finish  on  the  duralumin  is  broken  up  by  means  of 
a  brass  wire  scratch  brush  to  give  a  matte  surface.  The  diaphragms 
are  then  scrubbed  in  acetone,  rinsed  in  ether,  and  rubbed  dry  with 
filter  paper  to  remove  all  traces  of  oil  or  grease.     Great  care  is  then 
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taken  to  keep  the  spot  to  be  coated  free  from  all  contaminations  before 
sputtering. 

The  unit  developed  for  commercial  sputtering  is  shown  in  operation 
in  Fig.  3.     A  two-gallon  bell  jar  fitted  upon  a  heavy  ground    pyrex 
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Fig.  2 — Schematic  diagram  of  conventional  electrical  connections  of  the  microphone 

in  a  push-pull  circuit. 


glass  plate  contains  six  glass-covered  aluminum  cathodes,  the  exposed 
parts  of  which  are  htted  with  renewable  gold  discs  (Fig.  4).  An  ad- 
justable aluminum  stand  to  hold  the  diaphragm  fixture  and  shield  is 
placed  upon  the  plate  directly  below  the  cathodes.     The  shield  covers 


CATUODR  SPUTTERING 


287 


all  of  each  diaphragm  except  a  central  circular  spot  about  3/4"  in 
diameter.  A  vacuum  is  produced  by  means  of  a  Megavac  pump  con- 
nected to  the  bell  jar  by  5/8"  pyrex  glass  tubing,  which  is  made  as 
short  as  possible  to  facilitate  rapid  pumping.  In  the  vacuum  system 
are  a  small  rotating  McLeod  gauge,  a  trap,  a  bleeder  valve,  and  an 
anode.     The  anode  consists  of  a  20-turn,  1/2"  helix  of  No.  14  aluminum 
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Fig.  3 — A  complete  sputtering  unit. 

wire  sealed  into  a  one-inch  tube  at  some  distance  from  the  bell  jar. 
The  end  of  the  helix  is  shielded  against  high  current  density  by  a 
flanged  piece  of  glass  tubing.  This  type  of  anode  has  a  life  of  at  least 
two  thousand  hours. 

In  order  to  maintain  a  constant  residual  gas  pressure,  the  pump  is 
operated  continuously  and  air  is  allowed  to  leak  in  slowly  through  the 
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bleeder  valve  which  is  located  near  the  pump.  This  practice  was  found 
necessary  in  order  to  overcome  variations  in  pressure  due  to  the  early 
evolution  of  gases  and  the  later  cleanup  usually  accompanying  elec- 
trical discharges  in  vacuo.  The  valve  is  of  rugged  construction  as 
shown  in  Fig.  5  and  consists  of  a  standard  No.  0  taper  pin  about  2| 
inches  long,  very  closely  lapped  into  a  bronze  bushing.  A  pressure  of 
.100  ±  .005  mm.  is  readily  maintained  by  this  method.     After  a  new 


Fig.  4 — The  sputtering  chamber,   showing   multiple  electrodes,   diaphragm   holder 

and  shield. 

charge  has  been  placed  in  the  bell  jar,  the  bleeder  valve  is  temporarily 
cut  off  by  closing  a  stop  cock  so  that  the  required  vacuum  can  be  more 
quickly  obtained.  By  this  means,  sputtering  can  be  started  in  about 
four  minutes  after  the  bell  jar  has  been  placed  in  position. 

The  discharge  is  produced  by  means  of  a  1/2  kva  transformer  which 
steps  up  the  voltage  from  110  to  10,000  volts  and  is  regulated  by  means 
of  a  rheostat  in  the  primary.     Safety  for  the  operator  is  insured  by 
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having  all  high  tension  leads  and  terminals  enclosed  in  an  expanded 
metal  cage.  The  door  operates  a  switch  in  the  primary  circuit,  so  that 
as  the  door  is  opened,  the  circuit  is  broken. 

In  order  that  equal  amounts  of  metal  might  be  evenly  deposited  on 
each  of  the  si.x  diaphragms,  it  was  necessary  to  determine  experimen- 
tally the  relative  spacing  of  the  electrodes,  and  the  shape  and  the  size 


Fig.  5 — Detailed  construction  of  the  bleeder  valve. 


of  the  shields,  stands,  and  bell  jar  which  would  give  a  uniform  current 
distribution.  The  best  results  were  obtained  by  placing  the  dia- 
phragms 5y8"  from  the  cathodes,  which  are  arranged  symmetrically, 
by  maintaining  the  pressure  at  .10  ±  .05  mm.,  by  having  a  1/2"  hole 
in  the  center  of  the  diaphragm  holder  and  shield,  and  a  one  inch  clear- 
ance between  their  outer  rims  and  the  bell  jar. 
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In  commercial  practice  a  single  operator  runs  three  units  simul- 
taneously and  produces  about  90  broadcasting  microphone  diaphragms 
a  day.  These  diaphragms  require  a  gold  spot  on  both  sides  which 
necessitates  breaking  the  vacuum  and  turning  the  parts  over.  The 
time  not  occupied  in  loading  the  fixtures  and  operating  the  equipment 
is  taken  up  in  preparing  diaphragms  for  sputtering,  marking,  and 
packing  the  finished  product.  It  requires  about  forty  minutes  to  de- 
posit from  three  to  five  mg.  of  gold  per  spot.  Although  this  deposit 
is  not  more  than  .001  mm.  thick,  it  is  very  continuous,  adherent,  and 
altogether  suitable  as  a  microphonic  electrode  surface  (Fig.  6). 


Fig.  6 — Typical  magnified  gold  surfaces  after  three  months'  service.     The  spot  on  the 

left  was  produced  by  electrolytic  plating  and  shows  many  blisters;  the 

one  on  the  right  was  produced  by  sputtering. 

This  equipment  has  been  in  successful  operation  for  a  number  of 
years  in  the  production  of  microphone  diaphragms. 
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A  Voice  and  Ear  for  Telephone  Measurements 

By  A.  H.  INGLIS,  C.  H.  G.  GRAY  and  R.  T.   JENKINS 

An  artificial  voice  and  ear  have  been  developed  which  are  sufficiently 
close  simulations  of  the  real  voice  and  ear  in  their  principal  physical  attrib- 
utes to  justify  their  use  in  both  shop  and  laboratory  tests  of  telephone 
transmitters  and  receivers. 

The  artificial  voice  and  ear  have  certain  advantages  in  that  they  can  be 
exactly  specified  and  reproduced  and  can  be  used  in  determining  physical 
characteristics  of  instruments  which  are  difficult  or  impossible  to  obtain 
with  real  voices  and  ears. 

THE  performance  of  telephone  transmitters  and  receivers  is  de- 
pendent not  only  upon  their  physical  characteristics  but  also 
upon  the  reactions  of  the  users  to  these  instruments.  Observations  of 
the  results  obtained  by  subscribers  under  known  conditions  of  practical 
telephone  use  take  both  these  factors  into  consideration.  Tests  of 
this  kind,  however,  are  not  suited  to  the  needs  of  laboratory  develop- 
ment and  study  of  instruments  where  data  regarding  their  physical 
characteristics  are  required.  In  such  instances  data,  to  be  of  greatest 
value,  should  be  taken  under  conditions  which  include  those  factors 
of  actual  service  having  an  important  bearing  on  the  performance  of 
the  instruments. 

Among  the  most  important  of  such  factors  are  the  voice  and  ear. 
For  making  many  of  the  laboratory  tests,  therefore,  it  has  been 
necessary  to  employ  actual  human  voices  and  ears  in  order  to  insure 
that  all  of  their  physical  characteristics  have  been  included  in  the  test. 
This  procedure,  however,  due  to  uncontrollable  variations  in  indi- 
viduals, requires  a  large  expenditure  of  time  and  effort  to  insure  the 
precision  desired.  Furthermore,  certain  instrument  tests,  such  as 
response-frequency  characteristics,  are  either  impossible  or  difficult  to 
make  with  the  real  voice  or  ear. 

These  disadvantages,  inherent  in  the  use  of  the  human  voice  and 
ear,  have  been  recognized  for  a  long  time.  Numerous  attempts  have 
been  made  to  employ  voice  and  ear  substitutes  for  instrument  testing, 
and  in  cases  where  uniformity  of  instruments  rather  than  their  design 
has  been  of  primary  importance,  as  in  shop  acceptance  tests,  such 
substitutes  have  been  of  great  value.  That  their  use  in  engineering 
design  problems  has  not  been  more  extensive  has  been  due  to  the 
inability  to  make  them  meet  certain  fundamental  requirements. 

It  has  been  the  aim,  therefore,  in  the  design  of  the  artificial  vT)ice 
and  ear  to  be  described,  to  overcome  previous  objections  to  the  use  of 
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such  substitutes  so  that  they  may  be  used  with  confidence  in  general 
testing  and  physical  measurement  of  telephone  transmitters  and  re- 
ceivers. The  requirements  which  an  artificial  voice  and  ear  must 
meet  to  insure  proper  performance  are  outlined  below. 

Requirements  for  an  Artificial  Voice 
An  ideal  artificial  voice  must  be  able  to  reproduce  human  speech 
without  introducing  any  change  in  frequency,  amplitude  or  directivity 
over  the  entire  range  of  intensities  possible  in  speech.  Furthermore, 
it  should  react  to  changes  in  acoustic  load  in  the  same  manner  as  does 
the  human  voice  under  ordinary  conditions.  Such  requirements,  of 
course,  must  be  reduced  to  a  more  specific  and  practical  form  to 
enable  the  construction  of  a  physical  piece  of  apparatus. 

It  is  useful  to  consider  the  artificial  voice  as  consisting  of  two 
parts,  the  mouth  and  the  source  of  power.  Practical  considerations 
point  immediately  to  the  use  of  some  form  of  electro-acoustic  trans- 
ducer for  the  mouth,  and  any  of  several  sources  of  electrical  power. 
In  the  production  of  speech  there  is  required  as  a  source  of  power  either 
a  high  quality  transmitter  or  a  phonograph  record  and  reproducing 
system.  For  purposes  of  physical  measurement  and  analysis,  a 
source  of  single-frequency  power,  such  as  an  oscillator,  is  needed. 

If  it  be  assumed  that  the  frequency  composition  of  the  actual  human 
voice  is  automatically  included  with  either  of  the  sources  of  speech 
mentioned,  and  that  proper  frequency  weighting  will  be  introduced  in 
the  single-frequency  source  when  desired  by  means  of  suitable  electrical 
networks,  the  practical  requirements  for  the  artificial  mouth  may 
then  be  stated  specifically  as  follows: 

(1)  It  should  introduce  no  amplitude  distortion  within  the  range  of 

speech  frequencies. 

(2)  It  should  be  capable  of  delivering  an  acoustic  output  without  non- 

linear distortion  over  the  range  of  intensities  possible  for  the 
human  speaking  voice. 

(3)  The  distribution  of  the  sound   field  about  the   mouth  at  every 

frequency  and  distance  should  be  the  same  as  that  of  the  human 
mouth. 

(4)  The  introduction  of  objects  such  as  transmitters  in  the  sound 

field  should  react  on  the  output  of  the  mouth  and  distort  the 
field  in  the  same  way  as  they  do  when  introduced  in  the  field 
of  the  human  mouth. 

(5)  It  should  be  completely  specifiable  and  reproducible  as  well  as 

constant  in  performance. 
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Requirements  for  an  Artificial  Ear 
In  considering  a  substitute  for  the  human  ear,  the  general  require- 
ment is  that  it  shall  respond,  as  does  the  human  ear,  to  sounds  of 
various  frequencies,  amplitudes  and  lengths  of  duration.  Further- 
more, its  reaction  on  the  source  of  sound,  whether  that  sound  be 
produced  by  a  receiver  held  against  it  or  by  a  source  at  a  distance 
from  it,  shall  be  the  same  as  that  of  the  human  ear. 

As  in  the  case  of  the  artificial  voice,  the  artificial  ear  may  con- 
veniently be  considered  as  consisting  of  two  parts,  the  ear  coupler  and 
the  measuring  equipment.  Based  on  the  above  general  considerations, 
the  ear  coupler  should  meet  the  following  more  specific  requirements: 

(1)  It  should  have  the  same  impedance  at  every  audible  frequency  as 

a  real  ear,  either  in  the  open  air  or  with  the  receiver  held 
to  it. 

(2)  The  pressures  developed  in  the  ear  coupler  should  be  the  same  at 

every  audible  frequency  as  the  pressure  developed  in  a  real 
ear. 

For  the  measuring  equipment,  the  requirements  are  as  follows: 

(1)  For  steady  state  conditions  it  should  be  capable  of  giving  an 

indication  at  every  audible  frequency  proportional  to  the 
pressure  in  the  coupler  over  a  range  of  pressures  as  great  as 
that  experienced  by  a  real  ear. 

(2)  It  should  respond  to  sound  of  short  duration  as  does  a  real  ear. 

(3)  It  should  be  possible  to  change  the  response  to  various  frequencies 

in  any  manner  required  by  means  of  suitable  electrical  net- 
works. 

(4)  It  should  respond  to  complex  sounds  as  does  the  real  ear. 

The  artificial  ear  should  be  completely  specifiable,  reproducible,  and 
constant  in  performance. 

At  the  present  time  it  is  not  possible  to  meet  rigidly  all  of  these 
requirements,  either  for  an  artificial  voice  or  ear.  Development  work 
has  progressed  to  a  point  where  it  can  be  stated  that  the  requirements 
have  been  met  sufficiently  well  to  enable  the  production  of  both  an 
artificial  voice  and  ear  w^hich  are  close  simulations  of  the  real  voice 
and  ear  and  which  will  be  satisfactory  as  substitutes  in  almost  all  of 
the  laboratory  or  shop  tests  for  which  a  real  voice  and  ear  have  been 
largely  used. 

Description  of  the  Artificial  Voice 
The  schematic  arrangement  of  the  artificial   voice   referred   to  is 
shown   in   Fig.   1.     As  indicated,  electrical  energy  may  be  supplied 
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from  any  one  of  several  sources  throu^di  the  electrical  network  and 
amplifier  to  the  electro-acoustic  transducer.  For  single-frequency 
measurements  a  heterodyne  oscillator  provides  a  convenient  means  for 
obtaining  the  desired  testing  currents.  As  a  source  of  speech,  ad- 
vantage can  be  taken  of  recent  developments  in  phonograph  technique 
which  make  it  possible  to  record  and  reproduce  speech  practically 
without  distortion.^  This  affords  a  very  satisfactory  source  of  speech 
for  the  artificial  voice.  In  certain  special  instances  where  it  is  desired 
to  make  measurements  with  human  voices  under  closely  controlled 
conditions,  a  high  quality  transmitter  is  used  as  the  input  element  of 
the  artificial  voice. 

To  insure  proper  operation  under  both  steady-state  and  transient 
conditions  the  electrical  network  employed  in  the  artificial  voice  is  of 


SINGLE 
FREQUENCY 
OSCILLATOR 


HIGH  QUALITY 
TRANSMITTER 


ELECTRICAL 
NETWORK 

AMPLIFIER 

ELECTRO- 

ACOUSTIC 

TRANSDUCER 

Fig.  1 — Schematic  arrangement  of  artificial  voice. 


the  constant-resistance  type.-  In  this  network  is  included  com- 
pensation for  deviation  from  uniformity  of  response  of  the  electro- 
acoustic  transducer.  Additional  compensation  may  be  provided  in  case 
the  input  to  the  artifical  voice  is  from  a  source  of  constant  output  with 
frequency  and  it  is  desired  to  weight  the  single  frequency  output  of  the 
artificial  voice  in  accordance  with  the  distribution  in  speech  •''  of  pres- 
sure w'ith  frequency. 

The  amplifiers  employed  have  high  gain  and  high  output  capacity. 
They  provide,  without  introducing  distortion,  the  maximum  amount 
of  electrical  energy  that  may  be  required  to  obtain  the  desired 
acoustical  output  from  the  artificial  mouth. 

'  "\'ertical  Sound  Records — Recent  Fundamental  Advances  in  Mechanical 
Records  on  Wax."  Presented  by  H.  A.  Frederick  at  Swampscott,  Mass.,  Oct.,  1931, 
before  the  Soc.  of  Motion  Picture  Engineers. 

-"Distortion  Correction  in  Electrical  Circuits  with  Constant  Resistance  Re- 
current Networks,"  Otto  J.  Zobel,  Bell  System  Technical  Journal,  July,  1928. 

^"Some  Physical  Characteristics  of  Speech  and  Music,"  Harvey  Fletcher,  Bell 
System  Technical  Journal,  July,  1931. 
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The  unit  empIoNed  as  an  artificial  mouth  is  shown  in  Fig.  2  mounted 
on  a  stand  in  sucli  a  manner  that  it  may  be  rotated  through  an  angle 
of  approximately  180°  as  a  matter  of  convenience  in  certain  types  of 
testing.  It  is  a  modification  of  a  loud  speaking  receiver  of  large  power 
capacity.'*     As  one  of  the  requirements  in  the  design  of  a  substitute  for 


Fig.  2 — Artificial  mouth. 


the  human  voice  is  that  the  distribution  of  the  sound   field  of  the 

artificial   voice  must  be  similar   to   that  of   the   human   voice,   it  is 

necessary   to   make   the  opening  or  sound   radiating  surface   of  the 

artificial  mouth  comparable  in  size  with  that  of  the  human  mouth. 

To  meet  this  need  the  horn  coupling  ordinarily  associated  with  this 

^"A  High  Efficiency  Receiver  of  Large  Power  Capacity  for  Horn-Type  Loud 
Speakers,"  E.  C.  Wente  and  A.  L.  Thuras,  Bell  System  Technical  Journal,  lanuary, 
1928. 
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type  of  receiver  is  removed,  the  throat  insert  of  the  receiver  modified 
and  a  simple  structure  mounted  in  place  of  the  horn  coupler  having  an 
opening  effectively  that  of  the  human  mouth.  In  this  structure  is 
mounted  an  acoustic-resistance  element.  This  has  a  mechanical 
resistance^  of  approximately  41.0  mechanical  ohms  per  cm.^  and 
below  5000  c.p.s.  a  reactance  of  less  than  10  per  cent.  There  is 
mounted  on  the  structure  replacing  the  horn  coupler,  a  guard  ring 
which  serves  as  a  reference  plane  for  measurements  of  distance  between 
the  artificial  mouth  and  instruments  under  test.  The  location  of  this 
reference  plane  has  been  empirically  determined  so  as  to  correspond  to 
the  plane  of  the  lips  of  a  human  mouth. 

At  low  frequencies  the  radius  of  the  opening  of  the  mouth  is  small 
compared  to  the  wave-length.  Hence  in  effect  a  point  source  of 
sound  is  approached.  Under  these  conditions  the  radiation  resistance 
is  small.  As  the  frequency  increases  the  radiation  resistance  increases 
until  the  wave-length  has  decreased  to  a  value  approximately  three 
times  the  radius  of  the  opening.  At  this  frequency  and  above,  the 
radiation  resistance  is  approximately  constant  at  about  41.0  ohms 
per  cm.^  The  output  impedance  of  the  artificial  mouth  is  high  with 
respect  to  the  radiation  impedance  at  low  frequencies.  Inasmuch  as 
the  impedances  are  not  matched  except  at  the  higher  frequencies  the 
output  power  should  be  approximately  proportional  to  the  radiation 
resistance.  However,  this  relationship  is  modified  by  the  resonances 
of  the  instrument.  The  acoustic  resistance  reduces  these  resonances 
and  also  serves  to  reduce  the  reaction  on  the  artificial  mouth  which 
might  arise  by  placing  an  instrument  close  to  and  directly  in  front  of  it. 

The  response-frequency  characteristic  of  the  mouth  measured  at  the 
guard  ring  is  shown  in  Fig.  3.  In  order  that  this  response  may  be 
uniform  over  the  important  speech  frequency  range  of  100  to  7500 
c.p.s.  the  characteristic  shown  in  Fig.  3  is  equalized  with  the  network 
indicated  in  Fig.  1.  The  resulting  response  of  the  artificial  voice  is 
shown  in  Fig.  4. 

Another  important  requirement  is  that  the  artificial  mouth  shall 

be  capable  of  delivering  without  non-linear  distortion  sound  outputs 

corresponding  to  what  may  be  termed  loud  talking  for  human  beings. 

Because  it  is  desirable  to  operate  at  frequencies  as  low  as  100  c.p.s. 

it  is  necessary  to  supply  a  comparatively  large  amount  of  electrical 

energy  to  the  artificial  mouth.     To  accomplish  this  an  amplifier  has 

been  employed  as  indicated  in  Fig.  1  which  makes  it  possible  to  obtain 

*  "Methods  of  High  Quality  Recording  and  Reproducing  of  Music  and  Speech 
Based  on  Telephone  Research,"  J.  P.  Maxfield  and  H.  C.  Harrison,  Bell  System 
Technical  Journal,  July,  1926,  p.  506. 
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sound  pressures  of  16  bars  at  the  plane  of  the  guard  ring  at  all  fre- 
quencies between  100  and  7500  c.p.s.  without  appreciable  harmonics. 
Speech  may  be  transmitted  about  15  db  above  the  average  intensity  em- 
ployed in  commercial  telephone  cc^nversations  without  noticeable  distor- 
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Fig.  3 — Response-frequency  characteristic  of  electro-acoustic  transducer 
without  equalizer. 
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Fig.  4 — -Response-frequency  characteristic  of  artificial  mouth. 


tion.     Very  few  conversations  are  carried  on  at  an  intensity  greater  than 
this. 

Measurements  have  been  made  of  the  magnitude  of  the  harmonics 
present  in  the  output  of  the  artificial  voice  under   conditions  of  high 
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sound  pressure  at  100  c.p.s.  where  maximum  amplitudes  of  vibration 
are  encountered.  Only  odd  harmonics  are  present,  the  greatest  in 
magnitude,  the  third,  being  about  15  db  below  the  fundamental  at 
the  highest  pressure  used.  At  other  frequencies  or  lower  intensities, 
the  harmonics  are  of  even  less  importance.  At  the  average  intensity 
employed  in  telephone  conversations  no  appreciable  harmonics  what- 
ever are  present.  The  results  of  these  measurements  are  shown  in 
Fig.  5. 
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Fig.  5 — Harmonics  in  output  of  artificial  mouth. 


It  has  been  mentioned  that  the  sound  field  distribution  of  the 
human  and  artificial  voices  should  be  alike.  One  method  of  deter- 
mining agreement  in  this  respect  has  been  to  measure  the  output  of 
several  different  types  of  transmitters  when  the  instruments  were 
placed  at  various  distances  from  both  the  artificial  mouth  and  the 
human  mouth.  Eight  persons,  four  men  and  four  women,  were 
employed  in  the  actual  voice  tests,  to  call  the  testing  phrases,  "Joe 
took  father's  shoe  bench  out"  and  "She  was  waiting  at  my  lawn." 
These  phrases  include  all   of  the   important  speech   sounds  and  are 
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brief  and  easy  to  say.  The  speech  output  of  these  same  individuals 
calhng  the  above  phrases  was  recorded  by  the  process  mentioned.^ 
After  adjusting  the  output  of  the  artificial  voice  for  the  close  talking 
position  with  a  condenser  transmitter,^  tests  were  made  on  the  various 
instruments  interspersing  both  instruments  and  voices  to  reduce 
testing  errors  and  minimize  changes  in  instrument  characteristics 
between  tests.  The  results  of  individual  tests  on  a  given  type  of 
instrument  with  both  the  human  and  artificial  voices  varied  over 
approximately  the  same  range.  The  average  results  for  all  tests  for 
each  type  of  instrument  for  each  distance  and  for  both  the  human  and 
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Fig.  6 — Distance  loss  characteristics. 

artificial  voices  are  shown  in  Fig.  6.  These  data  show  reasonably 
close  agreement  between  the  artificial  voice  and  human  voice,  both  as 
regards  the  general  level  and  slope  of  the  distance  loss  characteristics. 
In  the  practical  application  of  the  artificial  mouth  to  telephone  instru- 
ment studies  the  minor  discrepancies  shown  may  be  minimized  by  the 
use  of  correction  factors.  A  further  investigation  is  being  made  of 
the  sound  field  distribution  of  the  artificial  mouth  in  comparison  with 
that  of  human  mouths. 

Tests  were  made  to  determine  the  effect  on  telephone  instruments 
of  the  size  and  shape  of  the  artificial  mouth.  Response-frequency 
measurements  were  made,  a  deskstand  and  a  handset  transmitter 
being  used,  each  modified  to  include  in  the  plane  of  the  diaphragm  a 
small  condenser  transmitter.  The  latter  was  used  in  order  that  any 
variation  of  carbon  instruments  might  be  eliminated.  Sound  pressure 
was  obtained  from  each  of  four  types  of  artificial  mouth.  Three  of 
these  employed  a  long  pipe  with  an  inside  diameter  of  about  0.7  inch. 

1  Loc.  cit. 

^  "Electrostatic  Transmitter,"  E.  C.  W'ente,  Pliys.  Rev.,  May,  1922. 
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In  one  case  no  baffle  or  reflecting  surface  of  any  kind  was  used  at  the 
pipe  opening.  In  the  other  cases  it  was  terminated  (1)  in  a  repHca 
of  a  human  head  molded  of  soft  rubber  (2)  in  an  8-inch  square  baffle. 
The  fourth  type  used  was  the  artificial  mouth  with  acoustic  resistance 
shown  in  Fig.  2.  The  variation  in  pressure  measured  for  these  various 
conditions  is  shown  on  Fig.  7.     It  will  be  noted  that  except  for  the 
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Fig.  7 — Effect  on  station  transmitters  of  variation  in  size  and  shape  of 
artificial  mouth. 

extreme  condition  of  the  pipe  without  termination,  good  agreement  is 
obtained  for  the  various  response-frequency  characteristics,  indicating 
that  the  shape  of  the  artificial  mouth  is  not  critical  provided  the 
opening  is  of  the  proper  order  of  magnitude  and  is  effectively  in  a 
baffle  commensurate  with  the  size  of  the  human  head.  The  measure- 
ments described  above  were  made  with  the  plane  of  the  mouthpiece  of 
the  instruments  in  a  representative  position  with  respect  to  the  plane 
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of  the  mouth  opening.  To  determine  the  effect  of  increasing  the 
distance  between  the  transmitter  and  the  mouth,  measurements  were 
made  with  the  deskstand  t>pe  of  instrument  with  results  as  shown  in 
Fig.  8. 

Measurements  were  made  of  the  distortion  of  the  sound  field  from 
each  of  the  four  types  of  mouth  mentioned  which  was  caused  by  the 
introduction  of  different  types  of  transmitter  in  the  field.  The 
effects  were  measured  immediately  to  one  side  of  the  mouthpiece. 
It  will  be  seen  from  Fig.  9  that  for  frequencies  below  2000  cycles  there 
is  good  agreement  for  all  types  of  mouth  and  both  types  of  instrument. 
Above  2000  c.p.s.  variations  appear,  but  in  general  the  largest  differ- 
ences occur  as  before  for  the  extreme  form  of  artificial  mouth,  namely, 
the  pipe  without  termination. 
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Fig.  8 — Effect  on  station  transmitters  as  distance  from  mouth  is  varied. 


Summarizing  the  results  obtained  with  the  artificial  mouth  de- 
scribed, although  the  general  requirements  have  not  been  completely 
satisfied,  a  rather  close  approximation  has  been  realized.  The  re- 
sponse-frequency characteristic  does  not  vary  more  than  ±1.0  db 
from  250  to  3000  c.p.s.  nor  more  than  ±  2.0  db  from  100  to  7500  c.p.s. 
The  mouth  is  capable  of  delivering  an  output  of  an  intensity  equivalent 
to  loud  talking  without  appreciable  non-linear  distortion.  The  dis- 
tribution of  the  sound  field  is  similar  to  that  of  the  real  mouth.  As 
judged  by  tests  on  several  different  forms  of  mouth  of  quite  different 
sizes  and  shapes,  the  indications  are  that  the  introduction  of  objects 
in  the  sound  field  of  the  artificial  mouth  chosen  distorts  that  field  in 
about  the  same  manner  as  occurs  with  the  real  mouth.  Speech 
reproduced    by    the    artificial    voice    sounds    natural.     Comparative 
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articulation  tests  of  direct  speech  from  an  individual  and  its  repro- 
duction by  the  artificial  voice  agree  within  a  few  per  cent.  The  design 
can  be  definitely  specified  and  reproduced  with  accuracy  and  it  is 
rugged  in  structure  and  constant  in  performance. 

General  experience  in  the  use  of  this  artificial  voice  over  about  a 
year's  time  has  indicated  that  it  may  be  used  satisfactorily  in  forms 
of  transmitter  testing  which  have  heretofore  required  the  human 
voice. 
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Fig.  9 — Effect  of  introducing  station  transmitters  in  sound  field  of  artificial  mouth. 


The  Artificial  Ear 
The  human  ear  is  limited  in  its  utility  generally  to  relative  or  com- 
parative measurements,  and  is  not  well  adapted  for  measurement  of 
absolute  pressure  or  velocity.  At  best,  measurement  with  real  ears 
is  a  laborious  procedure.  In  general,  it  has  been  found  necessary  to 
take  a  large  number  of  observations  with  many  ears,  since  a  measure- 
ment with  one  ear  is  unreliable.  One  of  the  principal  reasons  for  this 
unreliability  is  the  difliculty  not  only  of  securing  a  particular  coupling 
of  a  receiver  held  to  the  ear,  but  of  duplicating  this  coupling  in  sub- 
sequent measurements. 


A    VOICE   AND   EAR 


305 


The  output  of  a  receiver  coupled  to  the  ear  is  ii;ovcrne(l  by  several 
factors,  among  which  are:  enclosed  volume,  leakage  around  the  cap, 
constriction  of  the  ear  canal  and  the  yielding  of  walls  and  tymi)anum. 
Resonances  in  the  enclosed  volume  are  also  generally  present,  associ- 
ated with  the  dimensions  of  the  chamber.  The  effects  of  the  acoustic 
load  of  an  ear  coupled  to  a  receiver  are,  in  general,  increased  damping, 
higher  resonant  frequency  and  a  dropping  off  of  the  receiver  response 
at  low  frequencies.  The  receiver  response  also  shows  peaks  due  to 
resonances  in  the  enclosed  chamber. 

Largely  as  a  matter  of  convenience,  couplers  of  simple  construction 
imposing  a  stiffness  load  have  been  frequently  used  for  receiver 
calibrations.  It  has  been  recognized  that  calibrations  made  in  this 
way  do  not  agree  with  the  performance  realized  when  the  receiver  is 
held  to  the  ear  and  this  has  led  to  the  development  of  an  artificial  ear 
which  will  permit  the  measurement  of  receivers  of  any  type  under 
conditions  closely  simulating  those  under  which  they  are  used. 


—  AMPLIFIER 


ELECTRICAL 
NETWORK 


MEASURING 
APPARATUS 


Fig.  10 — Schematic  arrangement  of  artificial  ear. 


The  schematic  arrangement  of  this  artificial  ear  is  shown  in  Fig.  10. 
It  comprises:  a  special  coupling  device  designed  to  present  the  same 
acoustic  load  to  a  receiver  as  does  a  typical  human  ear,  a  small  con- 
denser transmitter  serving  as  the  measuring  element  in  the  coupler, 
and  means  for  amplifying  and  measuring  the  voltages  generated  by 
the  condenser  transmitter.  For  certain  purposes  arrangements  are 
provided  for  introducing  an  electrical  network  of  the  constant-re- 
sistance type  ^  having  a  response-frequency  characteristic  correspond- 
ing to  that  of  the  equal  loudness  curve  ^  of  human  hearing  at  the 
desired  sensation  level. 

The  coupler  is  shown  in  Figs.  11  and  12.     The  cap  of  the  receiver 

under  test  rests  upon  a  molded  soft  rubber  insert  which  has  the  internal 

contour  of  the  auricle.     Soft  rubber  was  selected  because  of  its  yielding 

qualities  which   are  of  importance   in   two   respects:   it   permits   the 

receiver  under  test  to  be  sealed  to  the  coupler  without  the  aid  of  such 

substances  as  petroleum  jelly,  and  it  can  be  readily  molded  to  have 

the  desired  shape.     In  this  rubber  insert  is  an  acoustic  leak  consisting 

^  Loc.  cit. 

'  "A  Direct  Comparison  of  the  Loudness  of  Pure  Tones,"  B.  A.  Kingsbury, 
Phys.  Rev.,  April,  1927. 
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Fig.  11 — Sectional  views  of  human  ear  and  artificial  ear  coupler. 
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of  a  tube  terminated  by  an  acoustic  resistance.  The  purpose  of  this 
leak,  which  has  both  mass  and  resistance,  is  to  simulate  the  leak 
between  a  receiver  cap  and  a  typical  human  ear.  The  molded  rubber 
insert  is  attached  to  a  rigid  structure  in  which  a  chamber  has  been 


Fig.  12 — -Artificial  ear  coupler. 

provided  to  simulate  the  size  and,  to  some  extent,  the  shape  of  the 
auditory  canal  of  a  human  ear.  The  diaphragm  of  the  small  con- 
denser transmitter  has  been  placed  in  the  wall  of  this  chamber  to 
measure  the  pressures  developed.  The  chamber  is  terminated  by  an 
acoustic  network  having  mass,  stiffness  and  resistance  components  of 
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the  same  order  of  magnitude  as  those  observed  looking  into  the 
auditory  canal  of  a  human  ear.  In  considering  Fig.  11,  it  should  be 
noted  that,  due  to  the  irregular  contour  of  the  auricle,  one  sectional 
drawing  cannot  adequately  portray  the  shape  of  the  opening  in  the 
molded  soft  rubber  insert. 

The  box  shown  in  Fig.  12,  in  which  the  artificial  ear  is  mounted, 
houses  a  two-stage  amplifier  for  use  with  the  small  condenser  trans- 
mitter. The  mechanical  structure  around  the  receiver  is  used  for 
centering  it  on  the  coupler  and  to  hold  it  in  position  at  a  definite 
pressure,  the  force,  of  course,  always  exceeding  the  weight  of  the 
receiver. 

The  magnitude  of  the  impedance  (Z)  indicated  in  Fig.  11  was 
measured  looking  through  the  aperture  of  a  conventional  type  of 
receiver  cap  held  in  a  normal  manner  to  the  ear  by  each  of  14  men. 
As  might  be  expected,  wide  variations  were  observed  between  indi- 
vidual ears,  particularly  for  the  lower  frequencies.  Considerable 
variation  was  also  observed  on  repeated  tests  on  an  individual.  Table 
I  shows  the  magnitude  and  range  for  both  the  resistance  and  reactance 

TABLE   I 
Acoustic  Impedance  of  Ears  Looking  through  Aperture  of  Receiver  Cap 


Observed  Range  of  Measurements 

for  14  Male  Human  Ears 

/ 

Resistance 

Reactance 

(1) 

,  (2) 

(1) 

(2) 

100 

1  to  70 

-300  to  +24 

21 

16 

-295 

+  15 

300 

1  to  80 

-195  to  +60 

14 

56 

-112 

+  59 

400 

1  to  200 

-115  to  +92 

11 

149 

-   72 

+  5 

800 

1  to  107 

-111  to  +10 

15 

15 

-  45 

-45 

1200 

3  to  18 

-   36  to  +30 

11 

11 

-   24 

-24 

2300 

1  to  21 

-   21  to  -5 

5 

5 

-   15 

-15 

(1)  With  no  leak. 

(2)  With  typical  leak  between  receiver  cap  and  ear. 


components  of  the  acoustic  impedance  observed  in  the  measurements 
made  at  several  frequencies.  Supplementing  these  data  is  Fig.  13 
which  shows  the  acoustic  resistance  and  reactance  for  typical  human 
ears  with  and  without  a  leak  between  the  receiver  cap  and  the  ear, 
together  with  similar  data  on  the  artificial  ear.  It  will  be  noted  that 
the  various  impedance  curves  for  comparable  conditions  of  the  human 
and  artificial  ears  are  quite  similar  in  shape.  There  is,  however, 
some  discrepancy  in  the  magnitudes  of  the  impedance  for  comparable 
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conditions,  in  view  of  the  lar^e  range  in  the  impedance  values  ob- 
tained for  different  individuals  and  at  different  times  the  discrepancies 
indicated  are  of  doubtful  importance.  In  this  connection  it  should  be 
noted  that  a  wide  range  in  impedance  values  could  be  obtained  readily 
on  the  artificial  ear  merely  by  changing  the  constants  of  the  acoustic 
networks.  In  view  of  the  fact  that  a  fixed  condition  of  the  artificial 
ear  is  desirable  for  many  practical  purposes  the  chief  requirement  as 
regards  the  impedance  characteristics  under  discussion  is  that  they 
closely  approximate   the  impedance  characteristics  of  a  typical  ear. 
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Fig.  13 — Acoustic  impedance  of  ears  as  viewed  through  aperture  of  receiver  cap. 

Considerably  more  data  on  human  ears  than  are  now  available  appear 
to  be  required  before  an  artificial  ear  with  more  typical  impedance 
characteristics  than  those  shown  can  be  designed. 

In  Fig.  14  additional  acoustic  impedance  data  on  a  typical  male 
human  ear  and  on  the  artificial  ear  are  shown,  the  measurements  in 
this  case  being  made  looking  into  the  auditory  canal.  Table  II 
presents  data  supplementing  Fig.  14.  As  in  the  previous  measure- 
ments, wide  variations  were  encountered  between  different  ears  at 
any    given    frequency.     The    agreement    between    the    artificial    ear 
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TABLE    II 
Acoustic  Impedance  of  Ears  Looking  into  Auditory  Canal 


/ 

Observed  Range  of  Measurements  for  7 
Male  Human  Ears 

Artificial  Ear 

Resistance 

Reactance 

Resistance 

Reactance 

200.... 

400.... 

800.... 
1200.... 
2000. . . . 
3000 

50  to  250 
20  to  250 
35  to  136 
60  to  91 
8  to  70 
15  to  60 

-1134  to  -633 

-  760  to  -254 

-  300  to  -130 

-  180  to  -20 

-  155  to  -50 

-  140  to  +50 

60 
80 
15 
20 
20 
22 
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Fig.  14 — Impedance  characteristic  of  auditory  canal. 

results  and  the  human  ear  measurements  is  as  close  as  seems  warranted 
by  the  available  data. 

The  acoustic  impedance  data  presented  are  important  from  the 
standpoint  of  insuring  that  the  receiver  under  test  on  the  artificial  ear 
operates  under  nearly  the  same  load  conditions  as  it  does  on  a  human 
ear.  It  is  also  important  that  the  response-frequency  characteristic 
of  a  receiver  obtained  on  the  artificial  ear  compare  well  with  that 
obtained  on  the  human  ear.  In  this  connection  two  widely  different 
types  of  receiver  have  been  studied;  one,  a  moving  coil  receiver  such 
as  is   used   in   the   Master   Reference  System   for  Telephone  Trans- 
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mission,^  and  the  other,  a  deskstand  type  receiver.  Measurements  of 
the  response  characteristics  of  these  two  types  of  receiver  have  been 
made  on  male  human  ears  as  described  in  the  Appendix.  The  results 
obtained,  together  with  similar  measurements  on  the  same  receivers  on 
the  artificial  ear,  are  shown  in  Figs.  15  and  16.  Over  most  of  the 
frequency  range  rather  good  agreement  is  found  between  the  human 
ear  and  artificial  ear  measurements,  the  discrepancies  in  most  cases 
being  relatively  unimportant. 

Electrical  impedance  measurements  were  made  on  two  commercial 
types  of  receiver  whose  impedances  at  resonance  are  relatively  sensitive 
to  changes  in  acoustic  load.     These  measurements  were  made  with 
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Fig.  15 — Response-frequency  characteristic  of  moving  coil  receiver  on  ears. 
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the  receiver  in  free  air  and  when  held  to  the  human  ear  and  to  the 
artificial  ear.     The  results  are  shown  in  Table  III.     The  values  of 

TABLE    III 

Electric.\l  Impedanxe  Data  for  Different  Types  of  Receivers 

WITH  Various  Loads 


Load  Condition 

Type  of  Receiver 

Natural 
Frequency 

Damping 

Constant 
(A) 

Air 

Deskstand 
Handset 

854 

1009 
777-1062 

808 

967 
818-1048 

122 

Artificial  Ear 

208 

Observed  Range  on  Male  Human  Ears.  . 
Air 

141-258 
122 

Artificial  Ear 

355 

Observed  Range  on  Male  Human  Ears. . 

226-524 

'"Master  Reference  System  for  Telephone  Transmission,"  W.  H.  Martin  and 
C.  H.  G.  Gray,  Bell  System  Technical  Journal,  July,  1929. 
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natural  frequency  (/o)  and  damping  (A)  as  obtained  from  motional 
impedance  circles  for  the  measurements  on  human  ears  vary  over  a 
wide  range.  The  results  obtained  on  the  artificial  ear  closely  approxi- 
mate those  obtained  on  what  may  be  considered  a  typical  normal 
male  ear. 
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Fig.  16 — Response-frequency  characteristic  of  deskstand  receiver  on  ears. 

The  artificial  ear  coupled  through  a  suitable  amplifier  is  terminated 
in  measuring  apparatus  similar  to  that  employed  in  the  sound  meter. ^ 
The  indicating  instrument  used  responds  to  impulses  of  short  duration 
(under  .2  second)  in  a  manner  approximating  the  response  of  the 
actual  ear  to  sounds  of  similar  duration.  The  rectifier,  of  the  copper- 
oxide  type,  obeys  over  its  useful  range,  essentially  a  square  law. 
By  the  addition  of  a  suitable  loudness  weighting  network  similar  to 

^"Indicating  Meter  for  Measurement  and  Analysis  of  Noise,"  T.  G.  Castner, 
E.  Dietze,  G.  T.  Stanton,  and  R.  S.  Tucker.  Presented  at  the  Northeastern  District 
Meeting  of  the  A.  I.  E.  E.,  Rochester,  N.  Y.,  April  29-May  2,  1931. 
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that  used  in  the  sound  meter,  the  artificial  ear  ma\'  be  used  to  obtain 
a  measure  of  the  relative  loudness  produced  by  different  receivers. 
Other  weighting  networks  may  be  used  to  enable  a  direct  meter  reading 
of  other  desired  characteristics. 

While  any  single  design  of  artificial  ear  can,  of  course,  simulate  only 
a  single  ear  condition,  there  appears  to  be  no  reason  why  a  structure 
of  the  type  described  cannot  be  made  to  simulate  any  ear  by  proper 
changes  in  the  dimensions  of  the  passage  and  values  of  the  acoustic 
impedances  without  sacrifice  of  stable  performance  or  the  ability  to 
specify  and  reproduce  it.  As  far  as  data  on  the  characteristics  of 
human  ears  are  at  present  available,  the  particular  design  described 
gives  a  good  approximation,  both  in  its  effect  on  the  receiver  and  in 
its  own  frequency  characteristics,  of  a  typical  male  ear.  There  is 
indication  that  this  artificial  ear,  in  addition,  may  offer  an  equally 
satisfactory  substitute  for  the  real  ear  in  the  measurement  of  open 
sound  fields.     A  further  study  of  this  possibility  is  being  made. 

General  Applications  of  the  Artificial  Voice  and  Ear 
Equipment  of  the  kind  described  offers  many  advantages,  both  in 
aboratory  investigation  and  in  shop  testing  of  instruments,  as  com- 
pared with  the  methods  that  have  been  used  heretofore.  The  artificial 
voice  and  ear  described  have,  of  course,  the  advantages  of  exact 
specification  and  control  of  the  testing  conditions,  and  of  rapidity  in 
obtaining  data  which  have  been  the  principal  arguments  for  the  use  of 
previous  voice  and  ear  substitutes.  In  addition,  instruments  tested 
by  these  new  means  are  under  nearly  normal  operating  conditions. 

In  laboratory  investigations  and  development  of  instruments  the 
artificial  voice,  makes  it  possible  to  carry  out  tests,  such  as  response- 
frequency  measurements  with  the  same  instrumentalities  as  are  used 
for  speech  tests.  This  is,  of  course,  impossible  with  the  real  voice. 
When  used  in  conjunction  with  a  high  quality  transmitter  it  permits 
either  the  variation  of  talking  intensity  without  change  in  quality,  or 
the  maintenance  of  a  constant  output  intensity  from  the  artificial 
mouth,  even  though  the  actual  speaker's  voice  may  be  varied  over  a 
wide  range.  Applications  of  this  kind  in  exercising  over  a  caller's 
voice,  control  of  which  he  himself  is  incapable,  are  invaluable  in  many 
laboratory  investigations. 

As  applied  to  shop  inspection  practices,  the  desirability  is  obvious 
of  having  a  single  testing  means  for  all  transmitters  and  receivers 
regardless  of  type,  which  is  identical  in  principle  with  the  means  of 
testing  used  in  the  laboratory.  The  results  of  measurements  made  on 
instruments,  whether  in  laboratory,   factory  or  repair  shop,  can   be 
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directly  compared  and  tlie  results  used  to  great  advantage  in  the 
engineering  and  maintenance  of  the  telephone  plant. 

A  further  valuable  application  of  the  artificial  voice  and  ear  is  as 
an  adjunct  to  a  reference  telephone  system.  At  the  present  time  un- 
controllable differences  in  technique  and  testing  personnel  at  various 
points  where  it  may  be  desirable  to  employ  such  reference  systems 
involve  discrepancies  difficult  to  eliminate  or  explain.  The  use  of  the 
artificial  voice  and  ear  with  suitable  phonograph  records  makes  it 
possible  to  have  identical  testing  means  at  any  point  desired. 

Further  experience  with  the  artificial  voice  and  ear  will  undoubtedly 
open  up  new  possibilities  and  applications  for  these  instrumentalities 
and  enable  more  accurate  investigation  of  instruments  with  less 
expenditure  in  effort  and  time. 

APPENDIX 

Response-Frequency  Characteristics  of  Receivers 
ON  THE  Human  Ear 

In  Figs.  15  and  16  are  shown  response-frequency  characteristics  of 
receivers  on  the  human  ear.  One  method  by  which  such  charac- 
teristics may  be  determined  is  shown  schematically  in  Figs.  11 -A 
and  \1-B.  With  the  auricle  projecting  through  an  aperture  (provided 
for  purposes  of  definite  location  of  the  ear)  tovv^ard  the  sound  source 
as  shown,  the  pressure  at  each  frequency  produced  at  the  tympanum 
or  as  near  to  it  as  possible  is  measured  by  means  of  the  calibrated 
transmitter  and  search  tube. 

With  the  pressure  measured  and  the  search  tube  removed  from  the 
ear,  the  observer  listens  to  the  sound  from  the  source,  as  shown  in 
Fig.  17 -Ba.  Then  he  listens  to  the  receiver  to  be  calibrated  as  shown 
in  Fig.  17 -Bb.  The  electrical  input  to  the  receiver  is  adjusted  until 
the  observer  judges  the  sensation  to  be  equal  to  that  from  the  source. 
This  then  gives  the  pressure  produced  by  the  receiver  for  a  given 
frequency  and  for  a  given  input  to  the  receiver. 

The  Search  Transmitter  and  Its  Calibration 

The  purpose  of  the  search  transmitter  is  to  furnish  an  instrument  of 
small  external  dimensions  to  meet  the  following  requirements: 

1.  It   must   admit   of  calibration   at   single   frequencies   in    terms   of 

electrical  output  per  unit  pressure  at  the  mouth  of  the  tube. 

2.  It  must  be  small  enough  to  admit  of  insertion  into  the  ear  canal 

without  material  distortion  of  the  sound  field  in  the  latter. 
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The  tube  used  in  the  measurements  is  associated  with  a  condenser 
transmitter.*^  One  end  of  this  tube,  having  a  relatively  large  opening 
is  acoustically  coupled  to  the  transmitter  diaphragm.  The  calibration 
of  the  transmitter  is  made  witn  the  aid  of  a  Rayleigh  Disc,  in  a  highly 
damped  sound-proof  box,  as  shown  in  Fig.  18.  The  sound  source  is 
a  loud  speaking  receiver  of  large  power  capacity,^  terminated  with  an 


SEARCH 
TRANSMITTER 


BAFFLE 


RECEIVER 


Fig.  17 — Diagrammatic  arrangement  employed  in  receiver  calibrations  on 

human  ears. 


adjustable  tube.  With  the  mouth  of  the  tube  as  origin,  an  approxi- 
mately spherical  progressive  sound  wave  is  produced.  F'rom  the  disc 
deflection,  the  particle  velocity  and  hence  the  alternating  sound 
pressure  is  determined  in  the  space  occupied  by  the  disc.  The  search 
transmitter  (the  bulk  of  it  wrapped  in  felt)  is  placed  with  its  mouth 
as  near  the  disc  as  possible,  and  its  voltage  output  is  measured. 

The  search  transmitter  calibration  is  made  under  conditions  con- 
forming to  the  following  essential  requirements: 

^  Loc.  cit. 
*  Loc.  cit. 
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(a)  The  presence  of  the  search  transmitter  does  not  appreciably  affect 

the  deflection  of  the  disc. 
{b)  The  output  of  the  transmitter  is  determined  solely  by  the  position 

of  the  mouth  of  the  tube  in  the  sound  field;  i.e.,  it  is  independent 

of  the  angle  at  which  the  tube  may  be  pointing,  and  of  any 

rotation  about  its  axis, 
(c)   The  output  of  the  transmitter  with  the  mouth  of  the  tube  closed 

must  be  small  compared  to  that  with  the  mouth  open. 
{(l)  The  form  of  the  sound  wave  must  be  such  that  the  relation  between 

the  velocity  and  pressure  at  the  mouth  of  the  tube  is  known. 
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F"ig.  18 — Search  transmitter  calibration  by  means  of  Rayleigh  disc. 


Measurement  oj  Pressure  in  Ear  Canal  Without  Receiver 
Pressure  measurements  are  made  as  far  inward  in  the  canal  as 
consistent  with  perfect  safety  to  and  comparative  comfort  of  the 
subject.  Most  ears  show  a  distinct  bend  in  the  canal  accompanied 
by  a  flange  which  is  mainly  responsible  for  obstructing  the  view  of  the 
tympanum.  It  has  been  found  possible  to  make  measurements  at  a 
distance  of  from  0.5  cm.  to  1  cm.  past  that  flange,  toward  the 
tympanum.     It  is  doubtful  if  measurements  can  be  made  at  a  point 
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much  closer  when  all  circumstances  are  considered,  e.g.,  the  frequency 
range  to  be  covered  and  the  importance  of  incurring  no  risks  whatever. 
The  region  inward  beyond  this  bend  is  apparently  one  of  rather 
uniform  pressure,  usually  higher  than  in  the  outward  positions  of 
the  canal,  so  that  there  is  little  chance  of  a  measurement  being  made 
at  the  pressure  node  of  a  distinct  standing  wave  pattern.  This 
probably  is  accounted  for  by  the  irregularity  of  the  passage  and  the 
character  of  the  canal  walls. 

Receiver  Calibration 

At  each  frequency,  response  measurements  were  made  on  eight 
ears  as  described,  and  the  average  computed.  The  results  are  shown 
in  Fig.  15. 

When  the  response-frequency  characteristic  of  one  receiver  has  been 
determined  by  the  method  described,  any  other  receiver  may  be 
calibrated  by  a  direct  comparison.  The  response-frequency  charac- 
teristic on  the  ear  shown  in  Fig.  16  was  obtained  in  this  manner. 


Abstracts  of  Technical  Articles  from  Bell  System  Sources 

A  New  High  Vacuum  System}  J.  A.  Becker  and  E.  K.  Jaycox. 
A  new  high  vacuum  pumping  system  is  described  in  which  oil  is  used 
in  a  diffusion  type  pump,  and  a  trap  containing  activated  cocoanut 
charcoal  replaces  the  usual  liquid  air  trap.  The  system  is  capable 
of  attaining  a  pressure  of  2  X  10~^mm.  Hg.  A  high  degree  of  vacuum 
can  be  attained  at  least  as  quickly  as  with  a  mercury  diffusion  pump 
and  liquid  air  trap.  The  system  is  especially  adapted  to  maintaining 
a  low  pressure  for  several  days  in  apparatus  which  cannot  conven- 
iently be  sealed  off  from  the  pumps. 

Phenomena  in  Oxide  Coated  Filaments  II.  Origin  of  Enhanced 
Emission}  J.  A.  Becker  and  R.  W.  Sears.  Various  theories  have 
been  advanced  regarding  the  mechanism  of  emission  of  electrons  from 
oxide  coated  filaments.  These  theories  postulate  that:  (1)  the  active 
layer  is  ia)  at  the  outer  oxide  surface,  {h)  at  the  core-oxide  interface; 
(2)  the  thermionic  electrons  come  from  {a)  the  adsorbed  barium,  ib)  the 
oxide  just  underneath  the  adsorbed  layer;  (3)  the  current  is  carried 
through  the  oxide  coating  by  (a)  an  entirely  electrolytic  process,  {b) 
thermionic  electrons  which  come  from  the  core,  diffuse  through  the 
pores  of  the  coating  and  form  a  space  charge  therein,  (f)  electrolytic 
conduction  through  the  oxide  crystals  and  thermionic  conduction 
between  crystals,  {d)  electronic  conduction,  a  small  portion  being 
carried  by  ions.  A  number  of  experiments  were  designed  to  test  these 
various  hypotheses.  These  experiments  show  that:  (1)  When  barium 
is  brought  to  the  outer  surface  of  the  oxide,  either  by  electrolysis  or 
evaporation  from  an  external  source,  the  emission  increases  at  first, 
passes  through  a  maximum  and  then  decreases.  This  change  in 
activity  is  similar  to  that  for  barium  on  tungsten.  (2)  When  oxygen 
is  brought  to  the  surface  of  the  oxide  of  an  activated  filament,  the 
activity  decreases  rapidly  at  first  and  then  more  slowly.  (3)  In  these 
two  respects,  a  filament  with  a  core  made  of  an  alloy  called  "Konel" 
and  consisting  of  nickel,  cobalt,  iron  and  titanium  acts  just  like 
filaments  with  other  cores.  (4)  When  the  oxide  was  stripped  from  a 
Konel  core  filament,  the  activity  decreased  by  a  factor  of  6000.  (5) 
The  emission-limited  current  is  independent  of  the  area  of  the  core 

1  Rev.  Sci.  Inslruments,  December,  1931. 
'^Pkys.  Rev.,  December  15,  1931. 
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provided  that  the  area  of  the  outer  oxide  surface  remains  constant. 
(6)  The  conductivity  of  the  oxide  varies  with  the  time  of  sending  cur- 
rent through  the  oxide.  (7)  The  conduction  current  in  the  oxide 
obeys  Olim's  hiw  and  does  not  saturate  even  though  its  value  is 
hundreds  of  times  hirger  than  the  saturated  emission.  (8)  The  oxide 
acquires  a  positixe  potential  with  respect  to  the  core  regardless  of 
whether  the  space  current  is  limited  by  space  charge  or  by  emission. 
This  potential  varies  linearly  with  the  space  current  drawn  to  the 
plate  and  is  of  the  order  of  a  few  tenths  of  a  volt.  (9)  The  emission 
for  the  optimum  amount  of  barium  on  the  oxide  surface  depends  upon 
the  pre\'ious  treatment  of  the  oxide.  From  these  results  we  conclude 
that:  (1)  The  active  layer  is  at  the  outer  oxide  surface.  The  activity 
depends  on  the  concentration  of  barium  and  oxygen  on  this  surface 
and  also  upon  the  amount  of  metallic  barium  dispersed  through  the 
oxide.  The  core  material  does  not  directly  affect  the  emission  but  it 
does  greatly  affect  the  ease  with  which  free  barium  is  produced  by  heat 
treatment  or  electrolysis.  (2)  The  thermionic  electrons  originate  in 
the  oxide  just  underneath  the  adsorbed  barium.  (3)  Most  of  the 
current  through  the  oxide  is  conducted  by  electrons,  a  small  portion 
being  carried  by  barium  and  oxygen  ions. 

Barkhaiisen  Effect:  Orientation  of  Magnetization  in  Elementary 
Dofnains.^  Richard  M.  Bozorth.  Brief  mention  is  made  of  previ- 
ously published  work  on  the  nature  of  the  discontinuities  in  mag- 
netization discovered  by  Barkhausen  in  1919.  Including  the  recent 
results  described  in  this  note,  the  experimental  data  now  indicate  that 
changes  in  the  magnetization  of  ferromagnetic  materials  occur  in  the 
following  way:  The  material  is  composed  of  small  regions  or  "ele- 
mentary domains"  (of  the  order  of  10~*  cm.^),  each  of  which  is  gener- 
ally magnetized  to  saturation  in  a  different  direction.  As  the  strength 
of  the  applied  magnetic  field  increases,  the  magnetization  in  some  of 
the  domains  changes  suddenly  from  saturation  in  one  direction  to 
saturation  in  another  direction  associated  with  less  potential  energy. 
The  change  in  each  domain  gives  rise  to  a  single  click  in  the  telephone 
receiver  which  terminates  the  apparatus  usually  used  to  observe  the 
etYect.  In  annealed  materials  in  which  the  crystal  grains  are  much 
larger  than  the  domains,  the  direction  of  magnetization  within  each 
domain  depends  on  the  orientation  of  the  crystal  grain  in  which  it  is 
situated,  and  coincides  with  its  direction  of  easy  magnetization  as 
determined  by  separate  experiments  on  large  single  crystals. 
3  Phys.  Rev.,  January  15,  1932. 
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The  Rapid  Record  Oscillograph  in  Sound  Picture  Studies.*  A.  M. 
Curtis,  T.  E.  Shea,  and  C.  H.  Rumpel.  This  paper  describes  a 
special  oscillograph  which  was  designed  for  making  rapid  records  in 
sound  picture  studies.  The  oscillograph  is  briefly  described,  and 
illustrations  are  presented  of  records  obtained  in  making  the  following 
studies:  microphonic  action  of  vacuum  tubes;  noise  levels  in  amplifiers; 
investigations  on  rectifiers;  studies  on  light  valve  clash;  action  of  the 
biasing  current  of  light  valves  as  used  in  noiseless  recording  by  the 
variable  density  method;  acoustical  studies  showing  the  rise  and 
decay  of  transients ;  loud  speaker  selection  with  regard  to  load  carrying 
capacity  and  mechanical  flutter  investigations  of  reproducer  sets. 

Vertical  Sound  Records — Recent  Fundamental  Advances  in  Mechanical 
Records  on  "  Wax."  ^  H.  A.  Frederick.  This  paper  describes  recent 
progress  which  has  been  made  in  laboratory  studies  of  mechanical 
records  of  sound  cut  on  a  wax  disk.  Both  theoretical  and  experi- 
mental investigations  indicate  that  a  phonograph  record,  cut  with 
vertical  undulations  instead  of  the  more  usual  lateral  undulations 
possesses  fundamental  advantages.  The  principal  improvement 
comes  from  a  marked  increase  in  the  volume  and  frequency  range  over 
which  faithful  reproduction  may  be  obtained.  A  higher  volume  level 
can  be  recorded  for  the  same  groove  spacing  and  speed.  More  playing 
time  can  be  provided  with  a  given  size  of  record  and  volume  level  since, 
for  these  conditions,  both  the  groove  spacing  and  speed  may  be  re- 
duced. Improvements  in  methods  of  processing  the  stampers  and  in 
the  record  material  give  a  large  reduction  in  surface  noise  and  hence  a 
corresponding  increase  in  the  volume  range.  With  these  improve- 
ments the  frequency  range  which  can  be  reproduced  satisfactorily  can 
be  extended  nearly  an  octave  to  8000  to  10,000  cycles.  Other  improve- 
ments incidental  to  the  improvements  noted  above  are  great  improve- 
ment in  the  quality  of  reproduction  obtainable  directly  from  a  soft 
"wax"  record  and  a  great  extension  in  the  life  of  the  hard  record. 

Effect  of  Shore  Station  Location  Upon  Signals.^  R.  A.  Heising. 
Experiments  are  described  for  ascertaining  the  attenuation  suff^ered 
by  the  unreflected  wave  in  traversing  relatively  small  amounts  of  land 
between  the  seashore  and  hypothetical  inland  sites.  The  results 
show  8  to  12  db  attenuation  for  1  mile  inland  with  greater  attenuation 
thereafter  for  unfavorable  terrain.  Swampy  ground  produces  small 
attenuation.     The  classical  theory  of  wave  transmission  past  a  straight 

*  Jour.  S.  M.  P.  E.,  January,   1932. 
6  Jour.  S.  M.  P.  E.,  February,  1932. 
^Proc.  I.  R.  E.,  January,  1932. 
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edge  used  in  optics  is  applied  to  explain  the  reduction.     Coexisting 
phenomena  are  mentioned. 

Oxidation  Studies  of  Rubber,  Gutta-Percha,  and  Balata  Hydrocarbons.'' 
A.  R.  Kemp,  W.  S.  Bishop,  and  P.  A.  Lasselle.  The  oxidation 
mechanism  of  rubber  and  gutta-percha  hydrocarbons  has  been  studied. 
Rubber  hydrocarbon  in  sheet  form  oxidizes  more  slowly  and  less 
completely  than  precipitated  gutta-percha,  which  is  believed  to  be  due 
to  the  smaller  surface  exposure  of  the  former  material.  Gutta-percha 
hydrocarbon  in  finely  divided  form  oxidizes  to  a  fairly  definite  degree 
in  oxygen  at  room  temperature,  corresponding  to  a  weight  increase  of 
about  38  per  cent.  The  length  of  the  autocatalytic  induction  periods 
for  rubber  and  gutta-percha  varies  over  a  wide  range  and  is  shortened 
by  heating  the  hydrocarbon  in  high  vacuum  before  oxidation  and  by 
exposure  to  light. 

The  rate  of  oxidation  of  gutta-percha  in  air,  as  compared  with  oxy- 
gen, is  reduced  in  proportion  to  the  oxygen  concentration,  and  the 
induction  period  is  correspondingly  increased. 

Carbon  dioxide,  water,  formic  acid,  and  formaldehyde  are  identified 
in  the  volatile  oxidation  products,  and  their  relative  amounts  deter- 
mined. Six  to  eight  per  cent  of  the  hydrocarbons  are  converted  to 
volatile  oxidation  products.  The  percentage  unsaturation  of  both 
rubber  and  gutta-percha  hydrocarbons  is  reduced  in  proportion  to 
oxygen  absorbed.  The  ratio  of  hydrogen  to  carbon  decreases  as  a 
result  of  oxidation. 

The  solid  oxidized  products  are  of  such  a  nature  that  they  cannot 
be  resolved  into  crystalline  materials.  They  are  amorphous  acid 
substances,  free  from  aldehyde  and  ketone  groups.  They  contain  a 
small  amount  of  peroxides;  and  the  acidity,  saponification  value,  and 
other  properties  indicate  that  most  of  the  oxygen  is  combined  in  the 
form  of  hydroxyl,  carboxyl,  and  lactonic  groups.  The  mechanism  of 
oxidation  of  rubber  and  gutta-percha  appears  to  be  the  same,  and  the 
possibility  of  a  chain  mechanism  to  explain  the  facts  is  discussed. 

Modern  Developments  in  Precision  Clocks.^  A.  L.  LooMis  and  W.  A. 
Marrison.  a  discussion  of  precision  clock  requirements  is  given  in 
terms  of  the  general  equations  of  motion  of  an  oscillator  and  extended 
specifically  to  the  gravity  pendulum  and  the  crystal  oscillator  types. 

One  of  the  largest  sources  of  error  in  pendulum  clocks  is  due  to 

''  Jnd.  and  Engg.  Chem.,  December,  1931. 

8  Presented  at  A.  I.  E.  E.  Midwinter  Convention,  Jan.  25-29,  1932,  New  York, 
N.  Y.,  as  a  part  of  the  Symposium  on  Time  and  Time  Ser\-ices.  To  be  published  in 
full  as  Monograph  B-656,  Bell  Telephone  System  Technical  Publications,  and  available 
upon  request  to  Bell  Telephone  Laboratories,  New  York,  N.  Y. 
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varieitions  in  amplitude.  Tlie  amount  of  this  effect  is  given,  and  the 
usual  methods  for  reducing  it  by  keeping  the  pendulum  swing  small 
are  discussed.  A  method  which  is  being  used  successfully  by  Mr. 
Loomis  for  controlling  the  amplitude  at  a  fixed  value  is  described. 

The  effect  of  atmospheric  pressure  on  the  rate  is  discussed  and  it 
is  shown  that  the  four  chief  rate  controlling  factors  involved  can  be 
made  to  annul  each  other  at  a  critical  pressure  for  a  given  pendulum. 

Factors  that  affect  the  length  of  a  pendulum,  such  as  temperature 
coefficient  of  the  material,  aging,  etc.,  and  some  factors  that  affect 
the  restoring  forces,  are  discussed  since  they  affect  the  period  directly. 

The  effect  of  the  phase  of  applied  driving  force  in  an  oscillator  is 
also  an  important  factor.  In  the  case  of  a  pendulum  the  impulse 
should  be  delivered  at  the  instant  when  the  velocity  is  maximum, 
that  is,  at  the  center  of  the  swing.  If  it  is  applied  earlier,  the  rate  is 
momentarily  increased,  and  conversely. 

A  brief  description  is  given  of  the  Shortt  clock,  which  has  established 
an  enviable  record  for  timekeeping  in  some  of  the  world's  outstanding 
time  observatories.  The  installation  of  three  of  these  clocks  in  The 
Loomis  Laboratory  at  Tuxedo  Park,  N.  Y.  is  described  and  illustrated. 

The  crystal  clocks  used  in  Bell  Telephone  Laboratories,  N.  Y.  City, 
are  described  briefly,  as  well  as  some  of  the  outstanding  features  of 
their  use.  These  "oscillators"  were  built  primarily  as  a  precise 
standard  of  frequency,  but  have  been  found  in  addition  to  serve 
exceedingly  well  as  timekeepers. 

Performance  data  are  given  for  the  crystal  clocks,  for  the  three 
Shortt  clocks  in  The  Loomis  Laboratory,  and  for  clocks  in  a  number 
of  representative  national  time  observatories. 

In  addition  a  brief  account  is  given  of  a  continuous  comparison 
which  is  being  made  between  the  crystal  clocks  in  Bell  Telephone 
Laboratories  and  the  Shortt  clocks  in  The  Loomis  Laboratory. 

The  Nature  of  Metals  in  Relation  to  their  Properties.^  Earle  E. 
Schumacher.  The  methods  of  extracting  metals  from  their  ores  and 
fabricating  them  constituted  the  art  of  metallurgy  in  the  older  sense, 
an  art  whose  development  has  closely  paralleled  the  rise  of  civilization. 
The  modern  science  of  metallurgy,  on  the  other  hand,  concerns  itself 
to  a  large  extent  with  the  explanation  as  to  why  metals  behave  as  they 
do  and  in  particular  why  the  methods  employed  in  the  art  produce 
the  effects  they  do.  This  science,  as  distinct  from  the  art,  is  of  com- 
paratively recent  origin.  It  is,  indeed,  only  since  the  development  of 
the  tools  used  in  modern  research,  notably  the  microscope  and  x-ray, 

*  Scientific  Monthly,  January,  1932. 
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that  important  steps  have  been  made  toward  the  analysis  of  metallic 
structure.  Rapid  progress  has  been  made  in  the  last  twenty  years  and 
today  there  is  available  a  vast  fund  of  information  in  regard  to  the 
nature  of  metals  in  relation  to  their  properties. 

Two  of  the  most  important  properties  of  a  metal  are  its  hardness  and 
strength.  These  properties  are  closely  related  and  in  general  the 
magnitude  of  one  indicates  the  magnitude  of  the  other.  The  develop- 
ment of  the  relationship  between  the  nature  of  a  metal  and  the  hard- 
ness and  strength  constitutes  one  of  the  most  interesting  chapters  in 
the  science  of  modern  metallurgy. 

Noise  Measurement}^  S.  K.  Wolf  and  G.  T.  Stanton.  The  instru- 
mental measurement  of  noise  presents  difficulties  that  have  in  the  past 
generally  defeated  its  successful  accomplishment.  While  noise  exists 
in  a  physical  state  and  certain  of  its  quantities  are  susceptible  to  direct 
measurement,  the  magnitude  of  a  noise  is  evaluated  through  the  inter- 
pretation of  the  human  ear.  The  ear  is  non-linear  in  its  evaluation 
of  the  various  factors  of  noise.  The  degree  and  nature  of  the  ear's 
non-linearity  to  the  principal  factors  is  discussed,  with  respect  to  the 
chief  interpretative  impression,  that  of  loudness. 

Audiometric  measurements  approached  a  more  proper  evaluation  of 
noise,  but  in  addition  to  dependency  upon  human  judgment,  were 
only  approximate,  and  represented  comparisons  of  physiological  effects 
of  noise  rather  than  true  noise  values. 

An  instrument  is  described  that  measures  intensity  expressed  in 
terms  of  loudness,  evaluated  for  frequency  and  duration,  and  which 
combines  portions  of  a  complex  wave  shape  in  a  suitable  manner.  The 
characteristics  of  the  meter  and  the  ear  are  compared.  The  readings 
are  in  decibels  above  a  zero  reference  point  near  the  threshold  of 
audibility.  The  selection  and  meaning  of  this  scale  is  explained. 
Where  it  is  desired  to  analyze  the  pitch  or  frequency  of  a  noise,  an 
analyzer  attachment  permits  either  band  or  single-frequency  analysis. 
Some  limitations  in  its  use  in  making  noise  measurements  are  discussed. 

10  Jour.  S.  M.  P.  E.,  December,  1931. 
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Henry  as  an  Electrical  Pioneer 

By  BANCROFT  GHERARDI 

An  address  presented  at  the  Meeting  of  the  National  Academy  of  Sciences, 
April  25,  1932,  at  Washington,  D.  C.  in  commemoration  of  the  Hundredth 
Anniversary  of  the  Electrical  Discoveries  of  Joseph  Henry. 

The  author  expresses  his  appreciation  of  the  researches  of  Dr.  Harold 
S.  Osborne  and  Mr.  A.  M.  Dowling  in  establishing  many  of  the  facts  upon 
which  this  address  is  based,  and  of  other  assistance  in  its  preparation.  This 
research  developed  many  facts  of  interest  and  its  results  are  separately 
published  as  a  supplement  to  this  issue  of  the  Bell  System  Technical  Journal. 

THIS  evening  we  are  gathered  together  to  celebrate  the  hundredth 
anniversary  of  the  electrical  discoveries  of  Joseph  Henry.  I  have 
been  assigned  the  honorable  and  pleasant  duty  of  speaking  of  Henry's 
work  as  an  electrical  pioneer.  According  to  the  Century  Dictionary,  a 
pioneer  is  one  who  goes  before  and  leads  or  prepares  the  way  for  others 
coming  after,  specifically,  the  first  or  early  explorer  or  experimenter  in 
any  department  of  human  enterprise.  Surely  no  one  is  better  entitled 
to  the  honorable  title  of  pioneer  than  is  Joseph  Henry. 

Let  us  look  a  bit  at  what  this  country  was  about  100  years  ago. 
The  population  of  the  United  States  in  1830  was  12,900,000.  The 
largest  city  in  the  country,  New  York,  had  a  population  of  203,000. 
Philadelphia  was  the  next  largest  city  with  80,000.  Washington,  the 
capital  of  the  nation,  had  a  population  of  18,800,  which  included  2,330 
slaves.  There  were  twenty-four  states  in  the  Union  and  of  these  the 
most  westerly  was  Missouri.  Chicago,  now  the  second  city  of  the 
country,  was  just  being  laid  out  near  Fort  Dearborn  and  was  not 
organized  as  a  village  until  1833.  Detroit,  now  the  fourth  city,  had  a 
population  of  2,222  and  Cleveland  had  1,076. 

Highways  were  largely  trails  or  unpaved  roads.  Canals  played  an 
important  part  in  the  transportation  system  of  the  country.  The 
first  railroad  in  the  United  States  began  operation  by  steam  in  1830. 
In  1836  trains  between  Albany  and  Schenectady  were  still  pulled  by 
horses.  The  first  steamship,  equipped  with  both  sails  and  steam,  had 
crossed  the  ocean  in  1819,  but  it  was  not  until  1838  that  a  ship  de- 
pending primarily  upon  steam  for  its  propelling  power  made  the 
transatlantic  trip.  Communications  were  solely  dependent  upon 
transportation  and  subject  to  all  of  its  uncertainties  and  lack  of  speed. 
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Mills  and  factories  were  just  beginning  to  be  operated  by  steam 
power,  having  previously  been  dependent  upon  water  power  or  man 
power  with  occasional  use  of  horses  or  windmills.  Lighting  was  done 
principally  by  sperm  oil  lamps  or  by  candles.  Baltimore  was  the 
first  American  city  to  adopt  gas  lighting  on  a  large  scale  in  1817.  Gas 
was  introduced  in  New  York  City  in  1823,  but  even  after  1830  many 
large  cities  went  for  years  without  a  gas  system.  In  1833  a  petition 
was  addressed  to  the  Common  Council  of  Philadelphia  protesting 
against  the  use  of  gas  "as  ignitible  as  gunpowder  and  as  nearly  fatal  in 
its  effects  as  regards  the  immense  destruction  of  property."  ^  There 
was  no  commercial  application  of  electricity.  At  that  time  electricity 
was  a  matter  of  Leyden  jars  and  of  pith  balls,  of  galvanic  batteries  and 
of  twitching  frogs'  legs,  of  crude  galvanometers,  and  of  feeble  magnets. 

Such  was  the  condition  of  this  country  when  Joseph  Henry  was 
Professor  of  Mathematics  and  Natural  Philosophy  at  the  Albany 
Academy  about  1830. 

But  "The  old  order  changeth,  yielding  place  to  the  new,"  and 
Joseph  Henry  was  one  of  those  who  made  major  contributions  to  this 
change.  Just  what  did  Henry  do  that  contributed  to  the  development 
of  the  electric  art  of  today?  As  you  have  heard  from  Professor  Magie, 
we  may  properly  claim  priority  for  Henry  for  the  following  among  his 
many  electrical  contributions: 

Henry  constructed  powerful  electromagnets  by  the  use  of  insulated 

wire  on  the  magnet  core  and  by  using  more  than  one  layer  of 

winding.     (1829  and  1830) 
Henry  indicated  the  proper  proportioning  of  magnet  windings,  external 

circuit  resistance  and  electrical  battery  arrangement  for  effective 

operation.     (1830) 
Henry  constructed  the  first  motor  embodying  an  electromagnet  and  a 

commutator.     (1831) 
Henry  constructed  the  first  telegraph  using  an  electromagnet  as  the 

receiving  element  and  demonstrated  its  operation  with  a  line  wire 

over  one  mile  long.     (1831  and  1832) 
Henry  discovered  the  property  of  self-induction  of  electrical  circuits. 

(1832) 
Henry   constructed    and    operated    the    first   electromagnetic    relay. 

(1835) 
Henry  determined  that  by  the  proportioning  of  the  windings  of  two 

coils  in  inductive  relationship  the  voltage  in  the  secondary  circuit 

could  be  stepped  up  or  stepped  down.     (1838) 

i"A  Popular  History  of  American  Invention,"  W.  Kaempffert,  1924,  Vol.  1, 
p.  554. 
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Henry  produced  currents  in  distant  circuits  by  oscillatory  discharges 
and  detected  them  when  the  two  circuits  were  separated  by  several 
hundred  feet.     (1842) 

These  contributions  by  Henry  to  our  electrical  knowledge  have  been 
essential  to  the  development  of  practically  every  commercial  applica- 
tion of  electricity.     Let  us  now  consider  some  of  these. 

The  idea  of  the  electric  telegraph  was  not  new  when  Henry  did  his 
work.  It  had  been  considered  by  others  and  in  January,  1825,  Barlow, 
an  English  scientist,  wrote  as  follows:  "  In  a  very  early  stage  of  electro- 
magnetic experiments,  it  had  been  suggested,  that  an  instantaneous 
telegraph  might  be  established  by  means  of  conducting  wires  and 
compasses.  The  details  of  this  contrivance  are  so  obvious,  and  the 
principles  on  which  it  is  founded  so  well  understood,  that  there  was 
only  one  question  which  could  render  the  result  doubtful,  and  this  was, 
Is  there  any  diminution  of  effect  by  lengthening  the  conducting  wire? 
...  I  was,  therefore,  induced  to  make  the  trial,  but  I  found  such  a 
sensible  diminution  with  only  200  feet  of  wire,  as  at  once  to  convince 
me  of  the  impracticability  of  the  scheme."  ^  Even  as  late  as  1837 
Wheatstone,  another  distinguished  British  scientist,  satisfied  himself 
by  experiment  and  convinced  others  that  the  development  of  electro- 
magnetism  in  soft  iron  at  a  distance  was  impracticable.  This  was 
six  years  after  Henry's  work  on  the  proportioning  of  magnet  windings 
and  battery  arrangement  for  maximum  effect  with  line  wires  of  sub- 
stantial resistance  had  shown  him  the  solution  of  the  telegraph  prob- 
lem, and  five  years  after  he  himself  had  constructed  and  demonstrated 
his  electromagnetic  telegraph  over  a  line  wire  more  than  a  mile  long. 

Henry's  contributions  to  the  telegraph  were  three  in  number.     He 

demonstrated  that  magnetic  action  and  magnetic  control  could  be 

exercised  at  considerable  distances  if  the  battery  and  the  magnet 

windings  were  suitably  proportioned  and  this  is  the  basis  of  all  electric 

telegraphs  of  today.     He  abandoned  the  galvanometer  or  compass 

needle  as  a  receiving  device  for  the  electrical  impulses  and  substituted 

therefor  a  magnet  operating  a  movable  armature,  this  making  possible 

rapid  signaling  and  audible  receiving.     This  has  continued  as  the 

basic  form  of  the  telegraph  circuit,  even  with  the  modern  printing 

telegraph  systems,  in  which  electric  typewriters  are  controlled  by 

magnets  of  Henry's  type.     He  constructed  and  operated  the  first 

electromagnetic  relay,  a  device  by  which  the  current  in  the  line  circuit 

controls  an  armature  which  carries  the  contact  of  a  local  circuit  so 

that  the  feeble  line  current,  instead  of  directly  controlling  the  receiving 

2  "On  the  laws  of  electro-magnetic  action,"  Edinburgh  Philosophical  Journal. 
Jan.,  1825,  Vol.  XII,  p.  105. 
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mechanism,  merely  opens  and  closes  a  local  circuit  and  a  strong  local 
current  performs  whatever  functions  may  be  necessary  in  the  receiving 
mechanism. 

These  constitute  the  fundamentals  of  a  complete  magnetic  telegraph 
system  and  left  only  its  perfection  in  detail,  the  development  of  an 
alphabetical  code  in  dots  and  dashes,  and  its  commercial  exploitation. 
In  1844  Morse  opened  his  first  telegraph  line  between  Baltimore  and 
Washington  and  in  this  line  utilized  the  features  referred  to  above, 
contributed  by  Henry.  From  this  start  the  telegraph  rapidly  grew 
to  a  nation-wide  and  world-wide  communication  system. 

The  next  important  commercial  application  of  electricity  came 
about  30  years  later  when  Bell  invented  the  telephone.  As  in  the 
case  of  the  telegraph,  important  use  was  made  of  Henry's  contributions 
to  the  art. 

Bell's  telephone  makes  use  of  Henry's  work  on  magnets,  as  does 
every  telephone  receiver  today.  The  telephone  bell,  with  which 
each  telephone  is  equipped  to  give  an  audible  signal  so  as  to  attract 
the  attention  of  the  called  party,  consists  essentially  of  a  polarized 
ringer  directly  suggested  by  the  receiving  device  employed  by  Henry 
in  his  first  telegraph  demonstration.  But  a  telephone  by  itself,  even 
equipped  with  a  call  bell,  is  merely  an  interesting  scientific  toy.  The 
telephone  is  useful  only  as  there  are  a  number  of  them  at  the  ends  of 
telephone  lines,  these  lines  centering  on  telephone  switchboards  for 
the  purposes  of  interconnection.  In  all  telephone  switchboards, 
whether  of  the  manual  or  of  the  automatic  type,  there  are  multitudes 
of  relays  for  the  purpose  of  controlling  circuits  and  signaling  apparatus. 
There  are  perhaps  seventy  million  telephone  relays  in  the  United 
States  today  and  the  prototype  of  all  of  these  is  Henry's  electromag- 
netic relay,  dating  back  to  1835. 

Telephony  owes  still  another  debt  to  Henry  and  to  his  work.  He 
discovered  the  characteristic  of  electrical  circuits  known  as  self- 
induction.  This  is  a  property  of  all  electrical  circuits  unless  especially 
designed  to  avoid  it  and  self-induction  must  be  taken  into  account 
in  many  phases  of  electrical  design.  In  long  telephone  lines  it  was 
found  to  exercise  a  favorable  effect  upon  telephonic  transmission  and 
about  1900  Dr.  Michael  I.  Pupin,  a  distinguished  member  of  the 
National  Academy  of  Sciences,  showed  how  self-induction  could  be 
added  to  long  telephone  lines  so  as  to  improve  their  talking  efficiency. 
Today  his  invention  is  very  generally  used,  not  only  in  the  lines  of  this 
country  but  throughout  the  world,  and  has  been  an  important  factor 
in  the  extension  of  long  distance  telephony  and  in  making  possible 
long  telephone  cables. 
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The  start  of  commercial  electric  light  and  power  systems  and  of 
electric  traction  came  shortly  after  the  beginnings  of  the  telephone 
about  1880.  These,  likewise,  built  upon  Henry's  work.  Powerful 
electromagnets  are  the  basis  of  every  generator  and  of  every  electric 
motor  and  it  would  be  difficult  for  any  one  today  to  construct  either 
a  generator  or  a  motor  and  avoid  the  ideas  which  were  contributed  by 
Henry.  Commutators  which  appear  first  in  Henry's  motor  are 
essential  parts  of  every  direct  current  generator  or  motor. 

Henry's  electric  motor  was  not  the  first  one  to  be  built.  Faraday 
built  the  first  electric  motor  and  it  was  interesting  because  it  was  a 
continuously  rotating  device.  However,  it  had  no  commutator  and 
did  not  employ  electromagnets.  Henry's  motor  was  interesting 
because,  while  it  was  a  reciprocating  device,  it  was  the  first  to  employ  a 
commutator  and  an  electromagnet.  A  combination  of  these  principles, 
that  is,  a  rotating  motor,  electromagnets  and  commutation  gives  the 
basis  of  the  modern  electric  motor  of  today. 

Henry's  comments  in  1831  on  his  electric  motor  are  interesting. 
"Not  much  importance,  however,  is  attached  to  the  invention,  since 
the  article,  in  its  present  state,  can  only  be  considered  a  philosophical 
toy;  although,  in  the  progress  of  discovery  and  invention,  it  is  not 
impossible  that  the  same  principle,  or  some  modification  of  it  on  a  more 
extended  scale,  may  hereafter  be  applied  to  some  useful  purpose."  ^ 
Much  later,  in  1876,  he  writes:  "  I  soon  saw,  however,  that  the  applica- 
tion of  this  power  was  but  an  indirect  method  of  employing  the  energy 
derived  from  the  combustion  of  coal,  and,  therefore,  could  never 
compete,  on  the  score  of  expense,  with  that  agent  as  a  means  of  pro- 
pelling machinery,  but  that  it  might  be  used  in  some  cases  in  which 
expense  of  power  was  not  a  consideration  to  be  weighed  against  the 
value  of  certain  objects  to  be  attained."  *  Certainly  a  prophecy,  when 
we  consider  today  the  extent  to  which  this  "indirect  method  of 
employing  the  energy  derived  from  the  combustion  of  coal"  is  utilized 
because  of  its  convenience  for  lighting  and  because  of  its  flexibility  for 
the  operation  of  power  units  through  electric  motors. 

Modern  electrical  systems  for  power  and  light  would  be  inoperative 
without  the  use  of  auxiliary  circuits  and  equipment  for  their  proper 
control.  In  these,  extensive  use  is  made  of  relays  and  also  of  other 
electromagnetic  devices  using  Henry's  magnet  principle. 

While  every  branch  of  the  electric  power  art  is  indebted  to  Henry, 
the  alternating  current  system  now  in  such  general  use  and  universal 
for  long  distance  power  distribution  owes  him  a  peculiar  obligation. 

*  "Scientific  Writings  of  Joseph  Henry,"  1886,  Vol.  I,  p.  54. 

*  "A  Memorial  of  Joseph  Henry,"  1880,  p.  149. 
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In  his  work  in  1838  he  demonstrated  that  through  the  proportioning  of 
the  windings  of  two  coils  in  inductive  relationship,  the  voltage  in  the 
secondary  circuit  could  be  stepped  up  or  stepped  down  and  here  we 
find  the  genesis  of  the  modern  transformer.  The  transformer,  a  device 
without  moving  parts,  is  fundamental  to  every  alternating  current 
system,  and  it  is  the  principal  reason  why  alternating  currents  are  so 
generally  employed  today.  Through  its  use,  it  is  possible  to  design 
dynamos  for  operation  at  the  most  effective  generator  voltage  and 
then  step  up  the  voltage  by  means  of  a  transformer  to  the  most  efficient 
level  for  use  on  the  transmission  lines  and  then  at  the  distant  end  of 
these  lines  by  means  of  other  transformers  step  down  the  potential 
to  the  most  efficient  and  convenient  voltage  for  use  on  distributing 
systems. 

So  fundamental  was  Henry's  work  that  in  it  we  find  contributions 
even  to  the  youngest  child  of  the  electrical  family,  the  radio  communi- 
cation art.  Not  only  does  it  use  his  general  contributions  to  the  art 
because  of  the  fact  that  radio  communication  is  simply  a  specialized 
form  of  telephony  or  telegraphy  employing  a  particular  method  of 
transmission,  but  Henry's  work  in  detecting  the  discharges  of  Leyden 
jars  at  a  distance  of  30  feet  and  later  at  distances  of  several  hundred 
feet  certainly  foreshadows  radio  transmission.  In  1842  Henry  wrote 
as  follows  in  regard  to  his  experiment  in  which  he  observed  the  induc- 
tive effects  of  a  discharge  of  Leyden  jars  at  a  distance  of  30  feet :  " .  .  . 
when  it  is  considered  that  the  magnetism  of  the  needle  [his  receiving 
device]  is  the  result  of  the  difference  of  two  actions,  it  may  be  further 
inferred  that  the  diffusion  of  motion  in  this  case  is  almost  comparable 
with  that  of  a  spark  from  a  flint  and,  steel  in  the  case  of  light."  ^ 
In  the  notes  made  early  in  1844  by  a  student  recording  Henry's 
lectures  on  natural  philosophy  the  following  occurs:  "Hence  the 
conclusion  that  every  spark  of  electricity  in  motion  exerts  these 
inductive  effects  at  distances  indefinitely  great  (effects  apparent  at 
distances  of  one-half  a  mile  or  more) ;  and  another  ground  for  the  sup- 
position that  electricity  pervades  all  space.  Each  spark  sent  off  from 
the  Electrical  Machine  in  the  College  Hall  sensibly  affects  the  sur- 
rounding electricity  through  the  whole  village.  A  fact  no  more 
improbable  than  that  light  from  a  candle  (probably  merely  another 
kind  of  wave  or  vibration  of  the  same  medium),  should  produce  a 
sensible  effect  on  the  eye  at  the  same  distance."  ^ 

It  is  certainly  a  far  cry  from  Henry's  observations  of  inductive  effects 

at  distances  of  a  few  hundred  feet  to  the  present  use  of  radio  for  broad- 

^  "Scientific  Writings  of  Joseph  Henry,"  1886,  Vol.  1,  p.  203. 
*  Notes  of  Wm.  J.  Gibson,  entitled  "Lectures  on  Natural  Philosophy  by  Professor 
Henry,"  Feb.  28,  1844,  p.  135. 
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casting  and  for  transoceanic  telegraph  and  telephone  service,  but  a 
consideration  of  what  he  himself  says  about  this  and  of  the  notes  of  his 
student,  quoted  above,  indicates  clearly  that  in  his  work  is  the  germ  of 
radio  transmission. 

Had  not  a  fire  in  the  Smithsonian  Institution  in  1865  destroyed  so 
many  of  Henry's  original  records,  there  is  but  little  doubt  that  in  these 
records  there  would  have  been  preserved  many  other  interesting  and 
suggestive  things. which  he  did  and  many  significant  comments  on 
them.  But  the  record  as  it  is  now  known  to  us  is  sufficient  to  establish 
Henry's  contributions  as  outstanding,  and  to  more  than  justify  this 
distinguished  gathering  tonight  for  the  purpose  of  reminding  us  of  our 
obligation  to  him. 

Before  Joseph  Henry  died  in  May,  1878,  he  had  seen  an  extensive 
commercial  application  of  telegraphy.  He  had  seen  the  invention  of 
the  telephone  but  not  its  commercial  application.  As  years  have  gone 
by  since  that  date,  a  greater  and  greater  superstructure  of  commercial 
application  has  been  reared  upon  the  foundations  laid  by  Joseph 
Henry  and  the  other  distinguished  scientific  workers  of  his  time. 
When  writing  as  early  as  1849,  he  said:  "The  only  reward  I  ever 
expected  was  the  consciousness  of  advancing  science,  the  pleasure  of 
discovering  new  truths,  and  the  scientific  reputation  to  which  these 
labors  would  entitle  me."  ^  This  he  surely  attained.  Joseph  Henry 
died  with  a  national  and  international  scientific  reputation.  Secretary 
of  the  Smithsonian  Institution,  President  of  the  National  Academy  of 
Sciences,  a  friend  of  Abraham  Lincoln  and  loaded  with  honors,  both  at 
home  and  abroad.  Since  then,  as  time  has  gone  by,  it  has  but  added  to 
his  greatness,  to  the  esteem  in  which  he  is  held  and  to  the  value  of  the 
services  which  he  has  rendered  to  mankind  through  his  work  as  an 
electrical  pioneer. 

^  Annual  Report  of  the  Smithsonian  Institution  for  1857,  p.  117. 


The  Caesium-Oxygen-Silver  Photoelectric  Cell 

An  Investigation  of  the  Relations  in  a  Composite 
Photoelectric  Surface 

By  C.  H.  PRESCOTT,  Jr.,  and  M.  J.  KELLY 

Technique  is  described  permitting  the  formation  of  csesium-oxygen-silver 
photoelectric  cells  under  controlled  conditions.  It  is  shown  that  the 
essential  conditions  are  a  quantitative  control  of  the  degree  of  oxidation  of 
the  silver  cathode  base  and  the  amount  of  caesium  generated  together  with 
a  regulation  of  the  amount  of  chemical  interaction  by  a  control  of  the 
time  and  temperature  of  the  heat  treatment. 

Variations  in  sensitivity  to  integral  light  at  2,710°  K.  color  temperature 
are  shown  as  a  function  of  the  initial  amounts  of  oxygen  and  caesium  and 
the  time  of  heat  treatment. 

Small  amounts  of  oxygen  were  permitted  to  react  with  the  standard 
cathode  surface.  The  sensitivity  of  the  cathode  fell  but  recovered  due  to 
the  diffusion  of  free  caesium  to  the  surface  from  the  underlying  material. 
The  effects  are  shown  in  relation  to  the  integral  sensitivity  and  the  spectral 
response  from  6,000  A.  to  10,000  A. 

The  effects  of  depositing  minute  amounts  of  free  caesium  upon  the 
standard  cathode  surface  are  also  shown  in  relation  to  the  spectral  response. 

The  active  surface  of  the  cathode  appears  to  be  a  film  of  free  caesium  of 
atomic  dimensions  adsorbed  upon  a  matrix  of  caesium  oxide  and  silver  con- 
taining free  caesium  and  a  small  amount  of  silver  oxide.  The  spectral 
characteristics  of  the  photoelectric  response  appear  to  depend  largely 
upon  the  thickness  of  the  surface  film  of  free  caesium.  This  film  thickness 
is  determined  by  the  caesium  concentration  in  the  underlying  matrix  and 
is  maintained  by  a  diffusion  equilibrium. 

Introduction 

EARLY  studies  of  the  photoelectric  effect  were  made  on  pure 
metals,  eliminating,  in  so  far  as  possible,  the  effects  of  absorbed 
gases.  But  since  the  alkali  metals  alone  respond  appreciably  to 
visible  light,  and  these  only  to  light  at  the  blue  end  of  the  spectrum, 
the  development  of  photoelectric  cells  of  greater  response  to  ordinary 
light  sources  has  led  to  the  study  of  thin  films  of  the  alkali  metals 
and  of  various  composite  surfaces.  The  enhanced  photoelectric 
activity  of  the  thin  films  of  the  alkali  metals  was  first  brought  out  by 
Ives  ^  who  also  noted  that  the  maximum  response  and  the  greatest 
extension  of  sensitivity  toward  the  red  end  of  the  spectrum  were 
obtained  when  the  film  thickness  was  of  the  order  of  one  molecular 
diameter.  Later  work  ^  has  shown  that  the  maximum  excursion  of 
the  photoelectric  threshold  of  an  alkali  metal  film  on  a  metallic  base 

1  H.  E.  Ives,  Astrophys.  J.,  60,  4  (1924). 
"  Ives  and  Olpin,  Fhys.  Rev.,  34,  117  (1929). 
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corresponds  with  the  wave-length  of  the  first  line  of  the  principal 
series  of  the  atomic  spectrum  of  the  alkali  metal. 

The  first  composite  surface  to  attain  practical  importance  was  the 
so-called  potassium  hydride  cell  discovered  by  Elster  and  Geitel  ^  in 
which  a  potassium  surface  is  sensitized  by  a  glow  discharge  in  hydrogen. 
This  cell  has  its  maximum  response  at  4,350  A.  and  its  photoelectric 
threshold  at  5,900  A.  The  response  of  a  good  potassium  hydride 
(vacuum)  cell  to  a  light  source  at  a  color  temperature  of  2,710°  K. 
is  about  one  microampere  per  lumen,  which  is  eighty  times  that 
obtainable  with  pure  potassium  surfaces. 

This  sensitivity  is  still  below  that  required  for  many  technological 
applications.  Also,  the  potassium  hydride  surface  is  unstable  even 
at  ordinary  temperatures  and  may  deteriorate  rapidly  in  use  or  in 
storage.  So  there  has  been  a  great  demand  in  engineering  applications 
for  both  a  more  stable  device,  and  a  cell  more  sensitive  to  the  red 
and  infra-red  light  which  constitutes  the  major  part  of  the  emission 
from  common  incandescent  light  sources. 

The  photoelectric  threshold  is  a  direct  measure  of  the  work  necessary 
to  liberate  an  electron  from  a  surface,  i.e.,  the  "work  function" 
which  also  figures  in  the  thermionic  effect.  That  is,  both  red  sensitive 
photoelectric  cells  and  active  thermionic  filaments  possess  low  values 
of  the  work  function.  The  study  of  the  thermionic  effect  in  adsorbed 
films  of  caesium  on  tungsten  and  on  oxidized  tungsten  by  Langmuir 
and  Kingdon  ^  and  by  Becker  ^  have  indicated  surprisingly  low  values 
of  the  electron  work  function.  It  was  to  be  expected  that  some 
similar  surface  should  possess  a  high  order  of  photoelectric  response  to 
red  light.  Research  along  these  lines  has  resulted  in  this  and  other 
laboratories  in  the  development  of  the  caesium-oxygen-silver  photo- 
electric cell.  Early  work  on  cells  of  this  type  is  reported  by  Koller  ^ 
and  by  Campbell.'' 

For  the  cells  discussed  in  this  paper  the  active  photoelectric  surface 
is  formed  on  a  roughened  silver  sheet.  This  is  slightly  oxidized  by 
making  it  the  cathode  in  a  glow  discharge  in  oxygen.  Caesium  is  then 
generated  by  chemical  reaction  in  a  pellet  enclosed  within  the  photo- 
electric cell  bulb.  Finally,  by  a  proper  temperature  cycle  the  caesium 
is  condensed  on  the  silver  oxide  surface  of  the  cathode  and  allowed 
to  react  with  it  to  form  the  active  photoelectric  surface. 

3  Elster  and  Geitel,  Phys.  Zeit.,  11,  257  (1910). 
*  Langmuir  and  Kingdon,  Phys.  Rev.,  21,  380  (1923)  abstr. 
K.  H.  Kingdon,  Phys.  Rev.,  24,  510  (1924). 
Langmuir  and  Kingdon,  Proc.  Roy.  Soc,  107-A,  61  (1925). 
"J.  A.  Becker,  Phys.  Rev.,  28,  341  (1926). 

8  L.  R.  Koller,  Phys.  Rev.,  33,  1082  (1929)  abstr.     Phys.  Rev.,  36,  1639  (1930). 
^N.  R.  Campbell,  Phil.  Mag.,  12,  173  (1931).     "Photoelectric  Cells  and  Their 
Applications"  (Phys.  Soc.  London,  1930),  p.  10. 
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The  cells  thus  obtained  are  highly  sensitive  to  red  and  infra-red  light. 
The  maximum  response  is  at  8,000  A.,  the  response  is  one  third  as  great 
at  10,000  A.,  and  the  photoelectric  threshold  is  somewhere  in  the  neigh- 
borhood of  12,000  A.  Cells  are  frequently  obtained  with  a  vacuum 
sensitivity  of  35  microamperes  per  lumen  to  a  light  at  2,710°  K.  color 
temperature,  and  their  useful  life  is  indefinitely  long,  even  at  a  temper- 
ature of  50°  C.  But  such  results  obtain  only  if  the  cells  be  produced 
under  controlled  and  definitely  specified  conditions.  It  appears  that 
the  product  is  definitely  affected  by  variations  in  the  quantities  of 
cffisium  and  oxygen.  Also,  the  course  of  the  chemical  reactions  (still 
obscure)  and  the  thickness  of  the  final  caesium  thin  film  are  very 
sensitive  to  slight  variations  in  the  process  conditions.  In  the  early 
stages  of  this  work  the  results  were  highly  erratic;  only  occasionally 
was  a  useful  cell  obtained.  A  large  amount  of  development  time  has 
been  devoted  in  these  laboratories  to  the  isolation  and  correlation  of 
the  various  factors  which  determine  the  sensitivity  of  a  finished  cell. 
With  the  technique  now  available,  c^sium-oxygen-silver  photoelectric 
cells  are  prepared  under  conditions  of  quantity  production  with 
sensitivities  varying  within  a  factor  of  two  and  with  a  process  shrinkage 
no  greater  than  obtained  in  the  production  of  high  quality  thermionic 
vacuum  tubes. 

The  Structural  Details  and  Method  of  Preparation 
OF  the  Cells 

The  structure  of  the  cells  used  in  this  study  is  shown  in  Fig.  1. 
The  cathode  is  a  semicylinder  of  silver  99.9  per  cent  pure.  The  anode 
is  a  nickel  wire  mounted  in  the  axis  of  the  cylinder.  These  are 
mounted  on  a  stem  which  is  sealed  into  a  spherical  bulb  of  soda-lime 
glass.  Around  the  stem  is  suspended  an  open  ring  of  heavy  copper 
wire  between  the  ends  of  which  is  crimped  a  tube  rolled  from  thin 
sheet  molybdenum  which  carries  the  caesium  pellet.  This  structure  is 
adapted  to  the  initiation  of  the  chemical  reaction  by  induced  high- 
frequency  currents  with  a  minimum  heating  of  the  oxidized  cathode. 
A  nickel  shield  is  placed  between  the  pellet  sheath  and  the  cathode 
to  protect  the  latter  from  radiation  and  to  deflect  the  hot  caesium 
vapor  evolved  by  the  pellet. 

The  essential  steps  in  the  process  of  formation  of  the  active  cathode 
surface  are: 

1.  Formation  of  a  silver  oxide  film  on  surface  of  cathode. 

2.  Preparation  of  caesium. 

3.  Combination  of  caesium  with  silver  oxide  surface. 
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1.  Formation  of  a  Silver  Oxide  Film  on  Surface  of  Cathode 
The  cells  are  sealed  to  a  high  vacuum  exhaust  system  and  baked 
out  at  400°  C.  The  next  step  is  the  oxidation  of  the  surface.  It  was 
found  that  oxidation  by  a  glow  discharge  in  oxygen  was  the  most 
suitable  method.  This  oxidation  could  not  be  done  quantitatively 
and  uniformly  over  the  front  surface  of  the  cathode  because  of  surface 
irregularities  in  the  silver  and  because  of  variations  in  the  physical 
conditions  of  the  surface.     Means  were  therefore  sought  to  obtain  a 


Fig.  1 — Western  Electric  3A  photoelectric  cell. 

uniform  surface  and  one  that  would  be  the  same  in  all  cells,  independent 
of  irregularities  that  could  not  be  avoided,  which  were  due  to  past 
history. 

To  accomplish  this,  electrolytic  oxygen  is  admitted  to  the  exhaust 
system  and  the  cathode  is  oxidized  by  a  glow  discharge  until  com- 
pletely black.  Then  the  circuit  is  held  closed  while  the  cathode  is 
heated  by  ion  bombardment  until  the  silver  oxide  is  decomposed, 
leaving  a  bright  matte  surface.     After  cooling,  this  process  is  repeated. 
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It  is  repeated  a  sufficient  number  of  times  to  establish  a  cathode 
surface  that  is  uniformly  rough  over  its  entire  front  surface  and  is 
substantially  the  same  for  all  cells.  The  exhaust  system  is  then 
evacuated  and  pure  oxygen  admitted  to  the  optimum  pressure  for 
quantitative  oxidation. 

The  quantitative  oxidation  is  accomplished  by  charging  a  condenser 
of  known  capacity  to  a  definite  voltage  and  then  discharging  it  through 
the  cell  in  series  with  a  suitable  resistance.  The  discharge  is  in  the 
proper  direction  for  oxidation  of  the  cathode.  A  double  contact 
telegraph  key  is  used  for  charge  and  discharge  of  the  condenser. 
The  number  of  taps  given  to  the  key  is  then  a  quantitative  measure 
of  the  oxidation  of  the  cathode.  After  the  requisite  oxidation  of  each 
cathode,  the  system  is  again  evacuated. 

As  the  oxidation  proceeds,  the  surface  goes  through  characteristic 
changes  in  color.  At  25  "taps"  it  is  yellow,  at  50  red,  at  75  blue 
and  at  100  a  greenish  yellow.  If  the  oxidation  is  continued,  the  color 
goes  through  another  cycle  becoming  a  golden  yellow,  a  deep  rose 
red  and  an  olive  green.  From  then  on  it  is  quite  dark,  but  under 
strong  light  shows  several  alternations  of  red  and  green  before  ending 
in  black.  As  will  be  seen  later  an  oxide  thickness  corresponding  to 
about  100  taps  is  the  most  suitable  for  use. 

2.  Preparation  of  Ccesium 

The  early  work  demonstrated  the  necessity  of  a  close  control  of  the 
amount  of  caesium  made  available  for  the  cathode  in  each  cell.  After 
an  examination  of  a  number  of  chemical  systems  for  preparation  of 
caesium  by  a  high  temperature  chemical  reaction,  a  pellet  composed 
of  a  mixture  of  caesium  chromate,  chromic  oxide  and  powdered  alumi- 
num was  adopted.  These  materials  are  thoroughly  mixed  in  quanti- 
tative proportions  and  ground  in  an  agate  mortar.  A  suitable  weight 
of  the  mixture  is  compressed  in  a  die.  A  slight  but  uniform  loss  of 
material  is  entailed  in  the  pellet  making  process.  Any  desired  quantity 
of  pellets  differing  in  weight  by  not  more  than  ten  per  cent  can  be 
made  by  this  process.  This  pellet  is  placed  in  the  molybdenum 
housing  described  above  and  after  the  quantitative  oxidation  of  the 
surface  and  removal  of  excess  oxygen  the  pellet  is  heated  by  high- 
frequency  induction  to  its  kindling  temperature. 

Sufficient  aluminum  is  supplied  to  completely  reduce  the  caesium 
chromate  and  chromic  oxide.  Besides  permitting  a  pellet  of  con- 
venient size,  the  chromic  oxide  is  instrumental  in  furnishing,  by  its 
reduction,  a  large  amount  of  heat.  The  high-frequency  heating  serves 
only  to  initiate  the  reaction.     The  exothermic  reaction  involves  a 
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great  rise  in  temperature  and  causes  the  immediate  and  complete 
expulsion  of  all  caesium.  This  allows  the  high-frequency  heating 
with  the  attendant  hazard  of  heating  the  cathode  and  reducing  a 
part  of  the  silver  oxide  to  be  a  minimum.  The  caesium  travels  in 
straight  lines  from  the  pellet  housing  and  is  condensed  on  the  glass 
wall  of  the  bulb.  A  shield  above  the  housing  prevents  any  caesium, 
as  it  is  expelled  from  the  pellet,  from  impinging  on  the  cathode  surface. 

3.  Transfer  of  CcEsium  to  the  Cathode  Surface 
The  transfer  of  the  caesium  to  the  cathode  surface  and  its  reaction 
with  the  silver  oxide  film  to  the  proper  extent  is  probably  the  most 
difficult  process  to  control.  The  ideal  process  requires  the  transfer 
of  the  caesium  from  the  glass  wall  of  the  envelope  to  the  cathode 
surface  without  the  reduction  of  any  of  the  silver  oxide  by  the  heat 
required  to  bring  about  this  caesium  transfer,  the  reaction  of  the  silver 
oxide  with  the  greater  portion  of  the  caesium  and  the  leaving  of  a 
sufficient  amount  of  uncombined  caesium  to  supply  the  required 
volume  concentration  of  caesium  and  to  cover  the  entire  cathode 
surface  with  an  equilibrium  thin  film  of  caesium.  The  practical 
difficulties  in  carrying  out  this  process  are  due  to  the  fact  that,  at  the 
temperatures  required  to  transfer  in  a  reasonably  short  time  the 
caesium  from  the  glass  wall  to  the  cathode,  the  silver  oxide  has  an 
appreciable  rate  of  decomposition.  This  difficulty  was  overcome  so 
far  as  is  possible  by  heating  the  glass  wall  selectively  at  a  controlled 
temperature.  There  is  a  material  lag  in  the  cathode  temperature  in 
this  process.  Thus  the  cathode  is  kept  at  as  low  a  temperature  as 
possible  while  the  caesium  is  transferred  to  it  at  a  sufficiently  rapid  rate. 
This  is  accomplished  by  surrounding  the  cell  with  a  stream  of  hot 
air  for  approximately  30  minutes.  A  glass  chimney  is  placed  around 
the  cell.  The  chimney  fits  into  a  transite  manifold  containing  heating 
coils  through  which  compressed  air  is  fed  at  the  rate  of  0.5  liter  per 
second  per  chimney.  The  temperature  of  the  air  stream  is  controlled 
to  within  5°  C. 

If  this  process  is  carried  on  in  the  usual  electric  oven  where  a  portion 
of  the  winding  is  exposed,  the  cathode  is  heated  preferentially  due  to 
the  radiant  heat  and  it  is  almost  impossible  to  obtain  an  active  surface 
due  to  silver  oxide  reduction  by  temperature,  as  well  as  to  the  fact 
that  with  the  cathode  the  hottest  surface,  the  caesium  will  tend  to 
condense  elsewhere.  Even  with  all  windings  of  the  oven  covered  by 
asbestos  sheet  so  that  substantially  all  heat  is  due  to  convection,  the 
process  is  infinitely  more  difficult  of  control  than  with  the  hot  air 
stream  oven. 
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It  was  not  found  practicable,  even  with  such  exact  control  of  the 
silver  oxide  film,  the  amount  of  caesium  and  of  the  temperatures  of 
the  photo-cell  parts,  to  give  the  cell  a  definite  time-temperature  cycle 
in  the  transfer  process.  It  is  necessary  to  follow  the  growth  of  the 
photo  and  thermionic  currents  as  the  heating  continues.  A  small 
tungsten  lamp  is  mounted  in  a  fixed  position  with  respect  to  the  cell 
and  after  the  heating  has  progressed  for  some  20  minutes,  observations 
are  made  each  minute  on  the  total  thermionic  and  photoelectric 
currents.  These  currents  rise  in  value  as  the  surface  is  built  up  and, 
by  experience,  a  definite  point  on  the  growth  curve  is  found  where 
the  hot  air  stream  should  be  discontinued  in  order  to  obtain  the 
optimum  surface. 

After  the  cell  has  cooled  it  is  sealed  from  the  exhaust  system  if  a 
vacuum  cell  is  desired,  or  filled  to  the  required  pressure  with  an  inert 
gas,  usually  argon,  if  a  gass  filled  cell  is  desired. 

Surface  Structure 

In  the  study  of  the  photosensitive  cathode  surface  some  information 
regarding  the  physical  structure  and  chemical  nature  of  the  surface 
has  been  gained  by  direct  examination  and  analysis.  The  physical 
nature  of  the  roughened  silver  may  be  seen  from  microphotographs 
of  the  cathode  taken  following  the  roughening  oxidation  and  reduction 
which  precedes  the  quantitative  oxidation. 

Fig.  2a  is  a  plan  view  taken  at  1,530  diameters,  magnification. 
Fig.  2h  is  a  transverse  section  of  the  cathode  supported  in  a  heavy 
nickel  plate  taken  at  200  diameters.  Fig.  2c  is  a  detail  view  of  the 
front  surface  of  the  transverse  section  taken  at  2,450  diameters. 
It  would  appear  that  the  effect  of  the  oxidation  and  reduction  is  to 
etch  out  the  polished  silver  sheet,  giving  the  surface  elements  a  random 
orientation  but  not  causing  any  great  increase  in  surface  area.  If  we 
judge  the  length  of  a  line  element  to  be  doubled,  this  indicates  a 
four-fold  increase  in  area. 

To  determine  the  amount  of  oxygen  entering  into  combination  at 
each  discharge  of  the  condenser,  three  cells  were  given  50,  75  and 
100  taps  respectively  of  the  key  controlling  the  condenser  discharge. 
The  excess  oxygen  was  removed  and  the  exhaust  manifold  trapped  off 
by  a  mercury  seal.  Each  cathode  in  turn  was  then  heated  by  induced 
high-frequency  current  till  the  silver  oxide  decomposed,  and  the 
pressure  developed  in  the  exhaust  system  was  measured.  The 
pressures  and  amounts  of  oxygen  as  microgram-molecules  of  O2  are 
given  in  Table  1. 
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{a) 


(b) 


Fig.  2 — Microphotographs  of  roughened  silver  cathode  base,  (a)  Plan  view, 
1530  diameters,  (b)  Transverse  section,  200  diameters,  (c)  Transverse  section, 
2450  diameters. 

TABLE    1 


No.  of  Taps 

Pressure 

Micro-moles  of  Oj 

Micro-moles  per 
100  Taps 

50 

75 
100 

0.0179  mm. 

0.0256 

0.0369 

2.24 
3.20 
4.62 

4.48 
4.27 
4.62 

Weighted  average 

4.45 
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This  value  of  4.45  micro-moles  of  oxygen  per  100  taps  corresponds 
to  1.32  molecules  of  O2  or  2.64  atoms  per  electron  equivalent  of  the 
charge  transported  in  the  glow  discharge,  assuming  complete  discharge 
of  the  condenser.  This  value  entails  a  high  efficiency  in  the  combina- 
tion of  positive  ions  with  the  surface,  and  also  predominantly  poly- 
atomic ions  at  least  as  complex  as  O3+. 

Microchemical  analyses  were  performed  on  several  cells  to  determine 
the  cathode  composition  and  the  final  distribution  of  the  caesium. 
With  an  accuracy  of  about  3  per  cent  all  the  initial  caesium  was 
recovered,  68  per  cent  being  recovered  from  the  silver  cathode  and 
the  rest  from  the  inner  surface  of  the  glass  bulb.  No  caesium  was 
found  in  the  pellet  residue.  In  the  cathode  surface  was  also  found  an 
average  of  0.13  milligram  of  undecomposed  silver  oxide.  But  the 
actual  amount  may  be  greater  for  we  have  later  evidence  that  at 
least  7  per  cent  of  the  caesium  on  the  cathode  occurs  as  the  free  metal 
which  would  reduce  silver  oxide  when  the  cathode  is  extracted  with 
water  and  dilute  acid  prior  to  the  analysis. 

The  optimum  conditions,  as  shown  later,  are  obtained  with  4.1 
milligrams  of  caesium  chromate  in  the  pellet  and  a  "ratio"  of  19 
condenser  discharges  per  milligram  of  caesium  chromate.  These  are 
equivalent  to  83  micrograms  of  caesium  and  3.2  micrograms  of  oxygen 
(using  the  factor  from  Table  1)  per  square  centimeter  of  the  cathode 
and  a  ratio  of  3.1  atoms  of  caesium  per  atom  of  oxygen.  With  68 
per  cent  retention  of  the  caesium  in  the  cathode,  we  obtain  56  micro- 
grams of  caesium  per  square  centimeter  and  an  atomic  ratio  of  2.1. 
If  we  neglect  the  free  caesium  and  residual  silver  oxide  in  the  cathode 
surface  and  assume  that  no  oxygen  has  been  lost  from  the  cathode, 
which  implies  that  the  caesium  on  the  bulb  has  been  oxidized  by 
reaction  with  water  or  other  constituents  of  the  glass — the  atomic 
ratio  of  2.1  suggests  that  CS2O  is  the  main  caesium  constituent  of  the 
cathode  surface.  But  however  probable  it  may  seem,  it  is  not  possible 
to  demonstrate  this  by  ordinary  analytical  means  in  the  presence  of 
free  caesium  and  residual  silver  oxide. 

These  initial  and  retained  amounts  of  caesium  are  equivalent 
respectively  to  910  and  620  atomic  layers  on  the  plane  cathode  surface. 
If  we  assume  the  surface  to  be  increased  by  a  factor  of  four  in  rough- 
ening, we  find  the  caesium  retained  in  the  cathode  surface  to  be  equiva- 
lent to  roughly  155  atomic  layers  of  free  caesium.  This  caesium  will, 
of  course,  occur  mainly  as  caesium  oxide  and  be  mixed  with  the  finely 
divided  silver  from  the  reduced  silver  oxide.  It  would  comprise 
about  50  layers  of  CS2O  molecules. 

L.  R.  Roller  ^  has  given  quantitative  data  on  surfaces  which  were 

*  Loc.  cit. 
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formed  by  admitting  oxygen  to  a  cathode  surface  covered  with  a 
thick  adsorbed  layer  of  metallic  cajsium.  He  finds  a  maximum 
activity  at  a  cajsium-oxygen  weight  ratio  of  110,  which  corresponds 
to  13.2  atoms  of  caesium  per  atom  of  oxygen.  This  high  value  may 
be  due  in  part  to  an  incomplete  yield  from  his  caesium  pellets,  but  we 
doubt  that  the  surface  structure  so  obtained  can  be  closely  compared 
with  that  which  we  have  described.  The  cells  described  elsewhere  in 
his  paper  have  much  more  closely  analogous  surfaces. 

N.  R.  Campbell  ^  has  performed  experiments  in  which  caesium  is 
diffused  slowly  into  a  cell  containing  an  oxidized  silver  cathode,  all 
held  at  184°  C.  in  an  aniline  bath.  He  finds  the  completion  of  the 
reaction  corresponds  to  the  formation  of  CS2O,  or  an  atomic  ratio  of  2. 

Kingdon  and  Thompson  ^  also  report  their  cathode  surfaces, 
presumably  the  same  as  in  the  cells  described  by  Koller,  to  consist 
of  CS2O. 

A  Survey  of  Macroscope  Parameters 
With  uncertainty  as  to  the  microscopic  physical  structure  of  this 
surface,  and  no  adequate  theoretical  basis  for  the  correlation  of 
photoelectric  response  to  such  a  detailed  structure,  a  macroscopic 
frame  of  reference  has  been  essential  to  the  correlation  of  data.  This 
has  been  particularly  important  in  the  development  phases  of  the 
project  so  that  the  results  obtained  should  be  self-sufficient  and  the 
systematic  investigation  of  substances  and  processes  should  not  be 
conditioned  by  the  anticipated  interpretations.  From  a  thermo- 
dynamic standpoint,  the  surface  may  be  considered  as  a  two-dimen- 
sional phase  or  system  with  two  variable  components,  caesium  and 
oxygen.  If  this  system  were  in  equilibrium,  its  properties  would 
depend  only  on  its  temperature  and  the  amounts  of  the  components. 
Since  it  is  far  from  equilibrium  the  specification  of  its  condition  or 
"state"  requires  also  its  past  history,  the  most  vital  part  of  which  is 
the  heat  treatment. 

As  the  activity  of  a  completed  cell  is  definitely  affected  by  each  of 
the  factors  controlled  in  the  quantitative  technique,  it  will  be  seen 
that  the  state  of  the  cathode  surface  is  a  function  of  (at  least)  five 
parameters,  viz:  the  amount  of  caesium,  the  amount  of  oxygen,  the 
surface  roughness  of  the  silver,  and  the  temperature  and  time  of  the 
heat  treatment.  Some  qualitative  experience  seems  to  indicate  that 
variation  in  surface  roughness  shows  itself  chiefly  by  affecting  the 
efficiency  of  the  glow  discharge  in  the  quantitative  deposition  of 
oxygen,  and  to  a  limited  extent  involves  a  greater  or  less  extension 

^  Loc.  cit. 

*  Kingdon  and  Thompson,  Physics,  1,  343  (1931). 
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of  the  surface.  Also,  the  temperature  and  time  of  heat  treatment 
are  to  a  limited  extent  compensatory.  So  a  more  fundamental 
specification  of  the  active  surface  would  involve  the  surface  concen- 
trations of  caesium  and  oxygen,  and  a  degree  of  interaction  which  is 
commensurate  with  the  heating  time.  » 

The  best  known  thin  film  phenomena  in  the  past  have  been  of  the 
type  of  caesium  adsorbed  on  tungsten,  a  single  component  film  under 
essentially  equilibrium  conditions.  At  least  the  film  is  reversibly 
adsorbed  for  it  may  be  condensed  or  evaporated  at  will  by  varying 
the  tungsten  temperature  or  the  caesium  vapor  pressure.  Caesium  on 
oxidized  tungsten  is  again  a  two-component  film.  The  caesium  is 
reversibly  adsorbed  and,  after  the  caesium  is  removed,  it  appears 
that  the  adsorption  of  the  oxygen  is  reversible  at  a  considerably 
higher  temperature. 

Langmuir  and  Villars  ^  have  published  curves  showing  the  thermionic 
activity  of  tungsten  filaments  with  varying  amounts  of  adsorbed 
caesium  and  oxygen.  Due  to  the  lack  of  an  independent  measure  of 
the  amount  of  adsorbed  oxygen  the  data  have  been  presented  from  a 
different  point  of  view,  resulting  in  a  determination  of  the  heat  of 
adsorption  of  the  oxygen.  But  we  may  point  out  the  obvious  though 
tacit  assumption  that  the  thermionic  and  other  properties  of  the 
surface  are  uniquely  determined  in  terms  of  the  amounts  of  adsorbed 
oxygen  and  caesium  (and  the  temperature) .  This  is  equivalent  to  the 
presumption  that  the  filament  is  under  equilibrium  conditions. 

In  contrast,  the  two-component  film  of  cesium  and  oxygen  on 
silver  which  comprises  the  photoelectric  cathode  is  formed  by  essen- 
tially irreversible  processes.  No  caesium  atom  which  has  combined 
with  oxygen  can  be  released,  and  no  oxygen  atom  split  off  from  the 
silver  surface  may  be  recombined.  And  the  reaction  is  stopped  long 
before  any  equilibrium  is  reached. 

To  obtain  definite  knowledge  of  the  relations  in  the  neighborhood 
of  the  optimum  conditions  we  have  prepared  cathode  surfaces  under 
carefully  controlled  conditions.  Two  different  amounts  of  caesium 
were  used  and  the  oxygen-caesium  ratio  (the  number  of  "taps"  per 
milligram  of  caesium  chromate)  and  the  time  of  hot  air  heating  were 
systematically  varied.  The  first  series  of  cells  was  made  with  pellets 
containing  approximately  5  milligrams  of  caesium  chromate.  The 
oxygen-caesium  ratio  was  varied  from  15  to  30,  and  three  groups 
heated  for  15,  30  and  60  minutes  respectively  at  220-225°  C.  In 
each  case,  as  shown  in  Fig.  3,  the  activity  as  measured  with  a  light 
source  at  a  color  temperature  of  2,710°  K.  goes  through  a  maximum 
'  Langmuir  and  Villars,  J.  Amer.  Chem.  Soc,  53,  486  (1931). 
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in  the  neighborhood  of  the  20  ratio.  Also,  the  maximum  activity  is 
significantly  higher  for  the  30-minute  heat  treatment  than  for  either 
15  or  60  minutes.  The  second  series  of  cells  was  made  with  pellets 
containing  3  milligrams  of  caesium  chromate.  The  oxygen-casium 
ratio  was  varied  from  10  to  30  and  three  groups  baked  for  7.5,  15  and 
30  minutes,  respectively.     In  this  series  the  maximum  activity  occurs 
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Fig-  3 — -Integral  sensitivity  as  a  function  of  oxygen-caesium  ratio  for  5  mg.  pellets. 

at  a  ratio  of  17  and  with  a  heat  treatment  of  15  minutes  as  shown  in 
Fig.  4.  One  additional  point  of  interest  is  that  with  the  light  pellets 
the  cells  have  still  fair  activities  at  the  high  ratios  for  the  short  heat 
treatments  but  are  destroyed  by  the  30-minute  heating.  This  is 
most  probably  due  to  the  oxidation  of  free  caesium  by  residual  silver 
oxide. 
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It  is  also  significant  to  compare  the  coordinate  effects  of  both 
oxygen-caesium  ratio  and  weight  of  caesium  chromate  upon  the  activity. 
To  this  end  in  Figs.  5  and  6  for  the  15  and  30-minute  heat  treatments, 
the  ratio  is  plotted  as  abscissa,  the  weight  of  caesium  chromate  as 
ordinate,  and  a  circle  is  drawn  about  each  point  whose  diameter  is 
proportional  to  the  observed  activity.  It  is  apparent  that  the  3- 
milligram  pellets  give  superior  results  for  the  15-minute  heat  treat- 
ment, and  the  5-milligram  pellets  for  the  30-minute  treatment.  Also 
the  5-milligram  pellets  seem  to  be  the  better,  each  considered  under 
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Fig.  4 — Integral  sensitivity  as  a  function  of  oxygen-caesium  ratio  for  3  mg.  pellets. 

its  optimum  conditions.  The  5-milligram  pellets  also  seem  to  yield 
cells  more  stable  with  respect  to  excessive  heating,  cf.  Figs.  3  and  4. 
The  pellet  weights  were  in  general  quite  uniform,  but  due  to  temporary 
difficulties  the  weights  of  the  5-milligram  pellets  used  in  the  30-minute 
heat  treatment  scattered  considerably  as  is  shown  in  Fig.  6.  Fortu- 
nately, this  scattering  furnishes  some  detailed  evidence  as  to  the 
relation  between  activity  and  pellet  weight.  The  locus  of  highest 
activity  appears  to  be  an  oblique  line  as  expressed  in  the  coordinates 
of  Fig.  6.     One  might  predict  that  the  highest  activities  would  be 
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Fig.  5 — Integral  sensitivity  as  a  function  of  ratio  and  weight  of  caesium  chromate 
for  a  15-minute  heat  treatment. 
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Fig.  6 — Integral  s  :nsitivity  as  a  function  of  ratio  and  weight  of  caesium  chromate 
for  a  30-minute  heat  treatment. 
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obtained  by  specifying  a  pellet  containing  4.0  to  4.2  milligrams  of 
caesium  chromate,  an  oxygen-caesium  ratio  of  19,  and  a  heat  treatment 
at  220°  C.  for  25  to  30  minutes.  It  should  be  noted,  of  course,  that 
the  above  are  initial  specifications.  Two  thirds  of  the  cjesium  goes 
to  form  the  matrix  and  active  film  of  the  cathode  surface,  while  the 
remainder  is  deposited  upon  the  inner  surface  of  the  glass  bulb. 

Studies  of  the  Cesium  Thin  Film 
These  cells  show  small  fluctuations  in  sensitivity  and  shifts  in 
spectral  response  with  time  and  with  the  temperature  of  the  sur- 
roundings. Even  cells  prepared  under  the  optimum  conditions  take 
several  days  to  stabilize.  The  integral  sensitivity  often  changes  by  5 
or  10  per  cent,  usually  to  higher  values.  But  further  changes  occur 
with  changes  in  temperature.  A  number  of  cells  aged  at  50°  C. 
increased  in  sensitivity  by  about  10  per  cent  in  a  few  days,  and  then 
fell  to  their  former  stable  values  after  operation  for  a  few  days  at 
room  temperature.  In  particular,  cells  made  with  large  ratios  of 
caesium  to  oxygen  and  short  heat  treatments,  which  should  be  con- 
ducive to  the  presence  of  small  residual  amounts  of  free  caesium,  tend 
to  be  the  least  stable,  and  to  decrease  rather  than  gain  in  integral 
sensitivity.  Such  cells  are  apt  also  to  have  low  insulation  resistance 
which  tends  to  be  unstable  in  value  as  compared  to  the  normal  cell 
which  has  a  high  and  relatively  stable  insulation  resistance. 

Since  the  changes  in  sensitivity  at  50°  C.  or  below  are  generally 
reversible,  they  can  not  be  due  to  chemical  reactions  of  the  irreversible 
type  by  which  the  cells  are  prepared.  These  changes  seem  most 
easily  explicable  as  due  to  changes  in  thickness  of  a  thin  film  of  free 
caesium  reversibly  adsorbed  upon  the  matrix  of  gross  material,  many 
molecules  thick,  which  has  been  formed  upon  the  silver  cathode 
surface.  According  to  this  view  it  should  be  possible  to  correlate  the 
observed  fluctuations  in  sensitivity  with  variations  in  film  thickness 
as  the  free  caesium  diffuses  in  and  out  of  the  underlying  matrix,  or 
evaporates  and  recondenses  upon  the  various  surfaces  of  the  photo- 
electric cell  interior. 

Now  it  is  impossible  to  differentiate  between  caesium  adsorbed  on 
the  surface,  absorbed  in  the  matrix,  or  in  chemical  combination, 
by  the  type  of  quantitative  data  considered  in  the  previous  section, 
for  all  are  placed  simultaneously  in  their  appropriate  places  and  in 
proper  amounts  by  the  processes  described.  Neither  is  it  possible  to 
build  up  a  matrix  alone  and  subsequently  place  the  film  upon  it  with 
any  assurance  that  the  final  state  shall  be  comparable  to  that  found 
in  the  cells  already  described.  So  resort  has  been  had  to  a  variational 
method  of  studying  the  surface  film. 
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We  have  wished  to  obtain  information  regarding  the  amount  of 
caesium  in  the  surface  film,  the  amount  of  free  caesium  in  the  underlying 
body  of  the  matrix,  to  check  up  on  the  possibility  of  the  diffusion  of 
free  caesium  between  the  surface  and  body  of  the  matrix  and  to  study 
the  relation  between  film  thickness  and  the  spectral  response  of  the 
cathode  surface.  To  this  end  we  conducted  one  series  of  experiments 
in  which  known  quantities  of  oxygen  were  admitted  to  cathode  surfaces 
prepared  in  the  standard  fashion,  following  the  course  of  recovery  in 
response  with  time  at  various  temperatures.  In  further  experiments 
caesium  vapor  was  allowed  to  deposit  continuously  upon  the  active 
surfaces  of  several  cathodes  of  the  same  type,  while  observations  were 
made  of  the  resulting  changes  in  spectral  response. 

Special  cells  were  made  and  pumped  under  as  nearly  as  possible 
the  optimum  conditions.  The  first  series  of  cells  were  similar  in 
structure  to  that  shown  in  Fig.  1,  except  that  to  the  upper  end  of  the 
bulb  was  sealed  a  short  glass  tube.  Within  this  tube  and  attached 
to  its  upper  end  was  a  thin-walled  glass  bulb  containing  oxygen  at 
reduced  pressure.  A  steel  ball  was  also  included  within  the  tube 
which  could  be  made  to  break  the  glass  bulb  of  oxygen  by  agitation 
of  the  cell.  The  second  series  of  cells  were  constructed  as  shown  in 
Fig.  7.  In  each  cell  was  supported  a  glass  cylinder  closed  except  for 
a  small  orifice  pointing  obliquely  towards  the  cathode  surface.  Within 
this  cylinder  were  a  thin-walled  bulb  of  soda-lime  glass  containing 
free  caesium  and  a  steel  ball  with  which  the  bulb  could  be  broken 
as  before. 

Monochromatic  light  was  obtained  from  a  Bausch  and  Lomb  No. 
2700  glass  spectrometer  fitted  with  two  slits  and  calibrated  by  the 
makers  to  10,000  A.  The  light  source  was  a  lamp  with  a  helical 
tungsten  filament  operated  at  a  color  temperature  of  2,710°  K.  Read- 
ings were  corrected  to  an  equal  energy  scale  using  the  relative  energy 
curve  for  tungsten  and  the  dispersion  curve  of  the  spectrometer. 
At  the  blue  end  of  the  spectrum  readings  were  very  small  due  to  the 
low  intensity  of  the  light,  the  low  response  of  the  cell,  and  the  wide 
dispersion  of  the  spectrometer.  The  values  presented  are  from 
6,000  A  to  10,000  A.  The  measurements  were  made  with  90  volts 
across  the  cells  and  the  photoelectric  currents  were  amplified  on  a 
vacuum  tube  bridge  circuit  so  as  to  be  rapidly  readable  on  a  micro- 
ammeter. 

In  Table  2  are  presented  data  from  four  cells  to  which  oxygen  was 
admitted,  giving  the  amounts  of  oxygen,  the  equivalent  number  of 
atomic  layers  of  casium  oxidized,  the  various  aging  and  heat  treat- 
ments, and  the  integral  sensitivities  obtained  after  the  several  treat- 
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ments.  In  the  second  row  of  Table  2  the  equivalent  layers  of  caesium 
are  computed  as  upon  a  smooth  cathode  surface.  To  obtain  actual 
layers  upon  the  roughened  cathode  these  values  must  be  divided  by  a 
factor  which  we  have  judged  to  be  approximately  four.  In  addition, 
since  the  oxygen  flowed  freely  into  the  whole  structure  of  the  cell, 


Fig.  7 — Cell  design  for  the  deposition  of  caesium  on  a  cathode  surface. 

we  must  consider  a  film  (probably  monatomic)  of  free  caesium  adsorbed 
on  the  inner  surface  of  the  glass  bulb  which  has  about  four  times  the 
area  of  the  cathode.  This  film  must  be  present  since  the  bulb  itself 
is  appreciably  photosensitive.     In  cell  A  the  oxygen,  calculated  as 
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equivalent  to  four  layers  of  casium  upon  a  smooth  cathode,  would  be 
sufficient  to  oxidize  either  the  monatomic  film  of  caesium  on  the  bulb, 
or  one  atomic  layer  upon  the  cathode.  We  have  therefore  supposed 
that  about  half  an  atomic  layer  upon  the  surface  of  the  cathode  was 
actually  oxidized.  With  the  other  three  cells  we  have  subtracted 
four  "layers"  for  the  bulb  and  divided  the  remainder  by  four  to 
obtain  a  rough  estimate  of  the  actual  number  of  atomic  layers  of  free 
caesium  upon  the  cathode  surface  which  were  oxidized.  These  values 
are  shown  in  the  third  row  of  Table  2. 

Each  cell  was  first  baked  for  30  minutes  at  75°  C.  to  insure  that  the 
surface  was  in  substantial  equilibrium.  No  integral  sensitivity 
changed  by  more  than  10  per  cent,  and  changes  in  the  distribution  of 
spectral  response  were  inappreciable.  These  results  are  in  agreement 
with  our  general  experience  that  these  cathodes  are  stable  at  75*  C. 

All  four  cells  were  radically  affected  by  the  introduction  of  oxygen, 
but  none  were  made  entirely  inactive.  All  recovered  somewhat  at 
room  temperature  but  the  rate  of  recovery  slowed  down  rapidly. 
After  the  recovery  had  flattened  out  at  room  temperature  the  cells 
were  baked  at  75°  C.  The  process  of  recovery  was  much  accelerated 
so  that  cell  A  recovered  most  of  its  initial  sensitivity,  but  cells  B,  C 
and  D  did  not  recover  a  high  sensitivity  until  after  a  short  heat 
treatment  in  an  oven  at  200°  C.  Cell  A  losing  half  a  layer  of  caesium 
upon  the  introduction  of  oxygen  fell  to  47  per  cent  of  its  initial  sensi- 
tivity. It  recovered  to  59  per  cent  after  48  hours  at  room  temperature, 
and  to  89  per  cent  after  3  hours  at  75°  C.  Cell  B  losing  one  layer 
fell  to  16.5  per  cent,  recovered  to  27  per  cent  after  68  hours  at  room 
temperature,  to  60  per  cent  after  14  hours  at  75°  C,  and  to  83  per  cent 
after  15  minutes  total  at  200°  C.  Cell  C  losing  six  layers  fell  to 
0.95  per  cent,  recovered  to  3.5  per  cent  after  12  hours  at  75°  C,  and 
to  89  per  cent  after  5  minutes  at  200°  C.  Cell  D  losing  eleven  layers 
fell  to  0.3  per  cent,  recovered  to  1.4  per  cent  after  7  hours  at  room 
temperature,  to  2.8  per  cent  after  6  hours  at  75°  C,  and  to  68  per  cent 
after  20  minutes  total  at  200°  C. 

The  heat  treatment  at  200°  C.  was  kept  short  as  reaction  between 
free  caesium  and  silver  oxide  and  evaporation  of  caesium  oxide  both 
occur  at  this  temperature  and  in  time  would  destroy  even  a  normal 
cathode  surface.  In  the  five-minute  heat  treatments  the  maximum 
cathode  temperature  was  doubtless  considerably  less  than  200°  C. 
and  the  increased  effects  of  the  ten-minute  treatments  which  followed 
are  probably  due  more  to  the  enhanced  cathode  temperature  than  to 
the  longer  time.  The  observed  recovery  must  be  due  to  the  migration 
of  free  caesium  already  present  as  there  is  no  chemical  reaction  possible 
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under  these  conditions  by  which  free  caesium  could  be  obtained  from 
the  caesium  oxide  present. 

This  recovery  of  sensitivity  has  every  appearance  of  accompanying 
a  diffusion  process  by  which  caesium  in  the  matrix  is  brought  to  the 
surface  of  the  cathode.  Initially  the  concentration  is  uniform  through- 
out the  matrix.  As  soon  as  the  oxygen  is  released  it  oxidizes  the 
caesium  on  and  near  the  surface  until  the  oxygen  is  exhausted.  The 
caesium  oxide  formed  is  identical  with  that  already  present.  The 
resulting  condition  will  be  a  matrix  with  a  very  sharp  gradient  from 
outer  surface  inward  in  caesium  concentration.  This  will  cause  a 
rapid  initial  rate  of  outward  diffusion.  But  as  soon  as  diffusion  occurs 
the  concentration  gradient  is  decreased  and  the  rate  of  transfer  is  less 
rapid  since  the  caesium  is  transported  over  a  constantly  greater 
distance  under  a  decreasing  diffusion  pressure.  As  the  temperature 
is  raised  the  mobility  of  the  caesium  is  greatly  increased  but  the 
essential  nature  of  the  process  is  the  same. 

It  does  not  appear  that  any  conclusion  can  be  drawn  from  these 
data  as  to  the  thickness  of  the  surface  film  of  caesium.  Even  in  cell  D 
with  oxygen  equivalent  to  eleven  atomic  layers  of  caesium  there  was 
still  a  finite  residual  activity  immediately  after  the  oxygen  reacted, 
which  was  not  far  different  in  value  from  that  obtained  with  the  six 
equivalent  layers  in  cell  C.  It  seems  probable  that  the  matrix  is 
sufficiently  spongy  that  there  is  a  rapid  diffusion  of  oxygen  into  it 
and  immediate  interaction  of  oxygen  with  the  absorbed  caesium, 
preventing  a  complete  clean-up  of  all  caesium  on  the  surface  with  the 
amounts  of  oxygen  used.  Cell  D  is  also  noteworthy  in  that  the  oxygen 
used  was  equivalent  to  7  per  cent  of  the  total  caesium  found  on  such 
a  cathode.  And  after  the  oxidation  of  this  amount  of  free  caesium 
it  was  still  possible  to  develop  from  this  surface  a  high  sensitivity 
equal  to  two  thirds  that  of  the  initial  state.  So  the  initial  amount 
of  free  caesium  must  be  still  greater  than  7  per  cent  of  the  total  caesium 
on  the  surface. 

But  it  is  not  necessary  to  suppose  a  much  greater  amount  since  it  is 
known  that  monomolecular  films  have  a  great  tendency  to  form. 
This  may  resolve  the  difficulty  in  understanding  why,  after  the 
equilibrium  is  reestablished,  so  large  a  change  in  volume  concentration 
involves  so  slight  a  change  in  the  surface  condition.  While  the 
thickness  of  a  surface  film  in  equilibrium  with  a  gas  or  vapor  is  a 
definite  function  of  the  pressure,  the  film  thickness  changes  much  less 
rapidly  than  the  pressure  when  the  film  is  in  the  neighborhood  of  one 
molecule  thick.  The  same  type  of  functional  relationship  may  also 
obtain  when  the  surface  concentration  is  determined  as  a  function 
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of  an  underlying  volume  concentration.  Langmuir  i°  has  shown  by 
the  use  of  the  Gibbs  adsorption  isotherm  that  in  the  case  of  solutions 
where  the  solute  greatly  lowers  the  surface  tension,  there  is  a  layer  of 
solute  at  the  surface  which  is  approximately  a  monomolecular  film 
under  a  wide  range  of  concentrations  in  the  body  of  the  solution. 
The  same  type  of  relationship  may  well  obtain  in  the  system  under 
discussion,  and  the  concept  of  a  surface  film  merges  into  that  of  a 
limiting  concentration  at  the  surface  of  the  matrix. 

Measurements   of   spectral    response   were    taken    with    the    light 
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Fig.  8 — Relative  spectral  response  to  equal  energy  for  cell  A,  position  1. 

incident  upon  four  different  positions  on  the  cathode  surface.  The 
relative  positions  are  the  same  as  shown  in  Fig.  7.  The  effects  were 
quite  similar  for  positions  1  and  3  and  again  for  positions  2  and  4, 
so  curves  are  shown  only  for  positions  1  and  2  for  cells  A  and  B  to 
illustrate  the  effects  at  opposite  ends  of  the  cathode.  In  cells  C  and 
D  the  results  were  so  similar  for  all  four  positions  that  curves  are 
shown  only  for  position  1. 

In  Figs.  8  and  9  are  shown  the  effects  upon  cell  A  of  the  admission 
of  oxygen  equivalent  to  half  an  atomic  layer  of  free  caesium.     Position 

1°  Irving  Langmuir,  Proc.  Nat.  Acad.  Sci.,  3,  251  (1917). 
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1  was  nearer  the  end  of  the  bulb  at  which  the  oxygen  was  introduced 
and  was  apparently  more  oxidized  than  was  position  2.  The  char- 
acteristic spectral  maximum  for  position  1,  Fig.  8,  is  completely 
suppressed  and  has  not  reappeared  after  4.7  hours  of  baking  at  75°  C. 
At  position  2,  Fig.  9,  the  height  of  the  spectral  maximum  is  greatly 
reduced  but  recovers  considerably  on  baking,  moving  towards  the 
longer  wave-lengths,  and  accompanied  by  an  increase  in  response  at 
10,000  A.  till  it  exceeds  that  of  the  initial  state.     In  this  final  state 
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Fig.  9 — Relative  spectral  response  to  equal  energy  for  cell  A,  position  2. 


the  integral  sensitivity  of  the  cell  as  a  whole  had  nearly  recovered  its 
initial  value.  The  large  difference  in  behavior  of  the  two  ends  of 
the  cathode  is  doubtless  due  to  the  fact  that  the  oxygen  was  insuffi- 
cient to  oxidize  even  the  superficial  layer  of  free  caesium  and  reacted 
wherever  it  first  struck  the  cathode.  The  difference  between  op- 
posite ends  of  the  cathode  is  less  pronounced  in  the  other  cells  treated 
with  more  oxygen. 

In  cell  B,  Figs.  10  and  11,  which  we  have  estimated  to  be  treated 
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with  enough  oxygen  to  oxidize  a  complete  atomic  layer  of  caesium, 
the  selective  maximum  disappeared  at  both  ends  of  the  cathode  and 
only  reappeared  as  a  slight  indication  in  Fig.  11  after  prolonged 
heating  at  75°  C.  On  baking  for  five  minutes  at  200°  C.  the  selective 
response  reappeared  prominently  with  a  maximum  at  7,330  A.  but 
with  a  loss  in  response  at  9,000  A.  and  10,000  A.  sufficient  to  involve 
a  decrease  in  integral  sensitivity  as  shown  in  Table  2.     Further  baking 


300 


100 


8000 
WAVELENGTH   IN  A 


10000 


Fig.  10 — Relative  spectral  response  to  equal  energy  for  cell  B,  position  1. 

involved  a  further  rise  in  the  maximum  and  a  considerable  increase  in 
response  at  9,000  A. 

In  cells  C  and  D,  Figs.  12  and  13,  which  were  treated  with  large 
amounts  of  oxygen,  the  response  fell  to  very  low  values,  rising  only 
slightly  on  baking  at  75°  C.  But  on  baking  at  200°  C.  the  selective 
maximum  reappeared  but  at  a  longer  wave-length  than  in  the  initial 
state,  and  the  spectral  response  at  10,000  A.  was  higher  than  it  was 
at  the  beginning. 
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In  all  cases  the  recovery  is  easily  interpreted  as  attendant  upon  a 
diffusion  of  free  caesium  from  the  matrix  to  the  surface  film,  furnishing 
a  sequence  of  states  with  increasing  film  thickness,  and  approaching 
the  initial  state  of  each  cell,  but  we  can  not  estimate  the  quantitative 
differences  in  film  thickness  from  state  to  state  on  account  of  the 
uncertain  nature  of  the  oxidation  and  diffusion  processes. 
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Fig.  11 — Relative  spectral  response  to  equal  energy  for  cell  B,  position  2. 

The  extension  of  this  sequence  of  states  to  those  with  film  thicknesses 
greater  than  that  of  the  initial  state  was  made  by  the  deposition  of 
caesium  upon  the  cathode  surfaces  of  cells  constructed  as  already 
shown  in  Fig.  7.  When  the  cell  was  shaken  and  the  steel  ball  made 
to  break  the  glass  bulb  containing  caesium,  caesium  vapor  filled  the 
glass  cylinder  and  diffused  slowly  through  the  orifice.     Data  on  three 


358 


BELL   SYSTEM   TECHNICAL   JOURNAL 


cells  are  presented  in  which  rates  of  deposition  of  free  caesium  differing 
by  a  factor  of  700  were  obtained.  The  sizes  of  the  orifices  differed 
and  positions  on  each  cathode  at  different  distances  from  the  orifice 
were  observed.  Measurements  of  spectral  response  were  made  with 
the  light  incident  upon  each  of  the  four  positions  on  the  cathode 
shown  in  Fig.  7. 

From  simple  kinetic  considerations  we  may  derive  a  formula  for 
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Fig.  12 — Relative  spectral  response  to  equal  energy  for  cell  C,  position  1. 

the  rate  of  deposition  upon  a  surface  of  the  vapor  effusing  from  the 
orifice : 

W  =  0.01857VM/r^%^cos  d  cos  ^, 

where  W  is  the  weight  deposited  per  cm.^  per  second  (in  grams), 
M  is  the  molecular  weight  of  the  vapor,  a  is  the  area  of  the  orifice, 
^mm.  is  the  pressure  within  the  cylinder  in  millimeters  of  mercury 
(i.e.  the  vapor  pressure  of  caesium  ^^),  r  is  the  distance  from  the  orifice 
to  the  surface,  6  is  the  angle  between  r  and  the  normal  to  the  plane 
"  Int.  Crit.  Tables  III,  205. 
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Cell 

Number 

a 

t 

Position 

^^c. 

Layers/Hour 

E 
F 

G 

0.0107cm.2 
0.000396 

0.00155 

29.0°  C. 
28.0 

31.0 

2 
1 
2 
1 
2 

0.285Mgm.cm.-2hr.-i 

0.000407 

0.0082 

0.00218 

0.044 

3.15 

0.00450 

0.0906 

0.0242 

0.487 

400 
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Fig.  13 — Relative  spectral  response  to  equal  energ>'  for  cell  D,  position  1. 

of  the  orifice,  and  ^  is  the  angle  between  r  and  the  normal  to  the 
surface.  The  constants  for  the  three  cells  presented  and  the  rates 
of  deposition  of  caesium  at  the  various  positions  are  shown  in  Table  3, 
where  /  is  the  mean  temperature  during  the  time  of  observation, 
and  Wcs  is  the  rate  of  deposition  of  caesium  in  micrograms  per  square 
centimeter  per  hour.  In  the  last  column  are  shown  the  equivalent 
number  of  atomic  layers  of  caesium  that  would  be  deposited  per  hour 
upon  a  plane  surface.     As  before,  these  values  must  be  divided  by 
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approximately  four  to  correct  for  the  increase  in  surface  on  roughening, 
but  it  seems  preferable  to  present  the  experimental  results  in  terms 
of  measured  rather  than  estimated  quantities,  so  numbers  of  layers 
of  caesium  deposited  will  be  presented  as  upon  a  smooth  surface. 

In  cell  E,  which  had  the  largest  orifice,  the  changes  were  so  rapid 
that  only  one  position  could  be  followed.  In  Fig.  14  the  response  at 
each  wave-length  is  plotted  against  the  time  on  a  logarithmic  scale. 
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Fig.  14 — Spectral  response  changes  in  cell  E. 

The  response  decreased  at  all  wave-lengths,  but  the  effect  increased 
progressively  with  increasing  wave-length.  After  two  hours^  the 
wave-length  of  maximum  response  had  shifted  from  7,750  A.  to 
6,000  A. 

With  slower  rates  of  deposition,  initial  effects  become  apparent. 
In  Fig.  15  are  shown  the  results  for  position  1  of  cell  F  which  involved 
the  slowest  rate  of  deposition.  For  wave-lengths  shorter  than  9,000  A. 
there  is  first  a  rise  in  response  to  a  maximum  at  between  10  and  20 
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hours  of  deposition  which  is  most  pronounced  at  7,500  A.  This  is 
followed  by  a  decay  which  is  again  most  rapid  for  the  longer  wave- 
lengths. The  responses  for  9,500  A.  and  10,000  A.  show  no  rise 
and  decrease  steadily  after  10  hours.  The  responses  at  these  wave- 
lengths were  probably  at  their  maxima  initially,  while  the  responses 
at  all  shorter  wave-lengths  reach  their  maxima  with  increasing  time 
in  the  order  of  a  progression  of  wave-lengths  from  infra-red  to  visible 
light.     Calculation  from  the  constants  in  Table  3  shows  the  maximum 
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Fig.  15 — Spectral  response  changes  in  cell  F,  position  1. 

response  at  7,500  A.  to  correspond  to  the  deposition  of  approximately 
one  tenth  of  an  atomic  layer,  as  may  be  seen  from  the  scale  of  abscissae 
at  the  top  of  the  figure. 

For  position  2  of  this  same  cell,  where  the  deposition  was  20  times 
as  rapid,  the  curves  show  a  great  similarity  in  every  respect  including 
the  proportionality  of  the  time  scales  up  to  the  point  corresponding  to 
one  tenth  of  a  layer,  as  may  be  seen  in  Fig.  16.  Then  the  maxima 
spread  out  and  the  falling  off  of  response  is  relatively  slower  than 
that  found  in  Fig.  15  as  expressed  in  terms  of  layers  deposited.     In 
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fact  the  two  sets  of  curves  become  more  comparable  as  expressed  in 
terms  of  the  time  scale  until  after  400  hours  the  two  distributions  of 
spectral  response  are  nearly  identical.  This  final  identity  may  be 
interpreted  in  view  of  the  fact  that  position  2  has  received  roughly 
30  atomic  layers  of  cesium.  For  such  a  thickness  the  vapor  pressure 
would  be  expected  to  approach  that  of  bulk  caesium.  At  this  temper- 
ature  the  rate  of  vaporization  from  a  bulk  caesium  surface  would 
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Fig.  16 — -Spectral  response  changes  in  cell  F,  position  2. 

exceed  the  rate  of  deposition  at  this  point  from  the  orifice.  So  caesium 
should  obviously  evaporate  from  position  2  and  condense  on  the  less 
saturated  areas  such  as  position  1.  Eventually  the  thickness  of  the 
deposited  layer  should  be  equalized  over  the  entire  surface. 

The  same  qualitative  description  covers  the  phenomena  observed 
at  the  other  two  positions  of  the  same  cell  which  are  not  shown. 
The  rate  of  deposition  was  slow  at  position  3  and  rapid  at  position  4. 
The  behavior  of  all  four  positions  fits  into  a  coherent  scheme  where 
the  initial  sections  of  the  four  groups  of  curves  are  similar  with  respect 
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to  the  amount  of  caesium  deposited  and  the  final  sections  approach 
similarity  with  respect  to  the  elapsed  time. 

In  cell  G  similar  qualitative  results  are  apparent.  The  cell  was  not 
as  active  initially  as  cell  F,  and  the  rises  in  response  are  not  so  promi- 
nent. For  the  slow  position  1,  Fig.  17,  the  maxima  in  the  response 
curves  are  lower  and  broader  than  for  the  slow  position  of  cell  F, 
Fig.  15.  But  the  maximum  response  for  a  wave-length  of  7,500  A. 
occurs  again  after  the  deposition  of  approximately  one  tenth  of  a 
layer  of  caesium,  though  in  Fig.  17  the  maximum  response  at  8,000  A. 
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Fig.  17 — Spectral  response  changes  in  cell  G,  position  1. 

is  greater  than  the  maximum  response  at  7,500  A.  In  position  2, 
Fig.  18,  which  had  the  fastest  rate  of  deposition  the  maxima  are 
either  entirely  absent  or  else  displaced  to  a  position  corresponding  to 
about  0.5  of  an  atomic  layer  where  there  are  slight  indications  of 
maxima  for  the  wave-lengths  7,500  A.  to  6,000  A. 

If  we  again  refer  to  Fig.  14,  which  shows  curves  for  the  very  rapid 
deposition  of  caesium,  it  appears  in  this  case  that  after  the  deposition 
of  one  tenth  of  a  layer  the  response  has  decreased  markedly  for  light 
of  all  wave-lengths.  There  appears  to  be  a  systematic  variation  of 
behavior  in  that  the  maxima  are  very  sharp  for  the  slow  rates  of 
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deposition  and  are  progressively  wider  and  less  prominent  as  the  rate 
of  deposition  is  increased  until  for  very  rapid  deposition  the  response 
for  all  wave-lengths  decreases  rapidly  from  the  beginning.  In  this 
connection  we  may  recall  from  the  oxidation  experiments  that  a  slight 
amount  of  diffusion  or  surface  rearrangement  may  occur  in  such  time 
intervals  as  are  available  in  the  experiments  involving  slow  deposition 
of  caesium. 

But  the  behavior  of  the  different  cells  and  even  different  positions 
in  the  same  cell  may  not  be  closely  compared,  for  their  initial  states 
were  by  no  means  identical.  In  each  of  these  cells  there  was  a  differ- 
ence in  the  colors  of  the  two  ends  of  the  cathode  due  to  a  distortion 
of  the  glow  discharge  in  the  quantitative  oxidation  step  of  their 
preparation  which  was  due  to  the  special  geometry  of  these   cells 
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Fig.  18 — Spectral  response  changes  in  cell  G,  position  2. 

But  certain  gross  conclusions  may  be  drawn.  In  all  cases  the  addition 
of  a  few  tenths  of  a  layer  of  free  caesium  caused  profound  modification 
in  the  spectral  response  characteristics.  If  we  regard  the  results  for 
the  slower  rates  of  deposition  as  more  typical  of  steady  state  conditions 
of  the  cathode  surface,  it  appears  that  we  may  increase  the  response 
in  the  region  about  7,500  A.  at  the  expense  of  the  response  at  and 
beyond  10,000  A.  by  the  addition  of  a  few  tenths  of  a  layer  of  free 
caesium.  It  should  be  remarked  again,  however,  that  in  view  of  the 
roughness  of  the  surface  these  quantities  should  be  reduced  by  a 
factor  of  four,  and  the  critical  amount  of  caesium  may  well  be  less 
than  even  a  tenth  of  a  layer  on  the  actual  surface.  Further  addition 
of  caesium  causes  a  decrease  in  sensitivity  at  all  wave-lengths,  and 
this  effect  is  increasingly  pronounced  towards  the  infra-red  end  of 
the  spectrum. 
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In  Fig.  19  are  shown  spectral  distribution  curves  of  the  response  to 
equal  energy  with  different  amounts  of  deposited  caesium  selected 
from  the  data  shown  in  Fig.  15.  These  curves  show  in  more  con- 
ventional fashion  the  shift  in  the  position  and  height  of  the  spectral 
maximum.  This  illustrates  the  general  behavior  of  the  equilibrium 
surface  upon  the  addition  of  further  caesium.  There  is  an  increase  in 
response  at  the  spectral  maximum  upon  the  addition  of  approximately 
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Fig.  19 — Relative  spectral  response  to  equal  energy  for  cell  F,  position  1. 

one  tenth  of  a  layer  of  caesium.  As  further  caesium  is  added  the 
height  of  the  spectral  maximum  progressively  decreases.  The  wave- 
length of  the  maximum  spectral  response  and  the  wave-length  of  the 
photoelectric  threshold  both  recede  progressively  toward  the  ultra- 
violet upon  the  addition  of  free  caesium  to  the  normal  surface. 

Combining  the  results  from  the  experiments  where  oxygen  was 
admitted  to  the  cells  and  those  where  additional  caesium  was  deposited 
upon  the  cathode,  we  have  a  sequence  of  states  with  increasing  thick- 
ness of  the  caesium  thin  film  upon  the  cathode  surface.     If  we  take 
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curves  for  the  spectral  response  of  various  states  obtained  by  oxidation 
followed  by  diffusion  at  room  temperature  and  at  75°  C,  and  then 
include  curves  for  the  spectral  response  of  various  states  obtained  by 
the  slow  deposition  of  caesium  we  may  obtain  a  composite  family  of 
curves  such  as  are  sketched  in  Fig.  20  to  show  the  whole  sequence 
of  response  characteristics  whose  parameter  is  the  thickness  of  the 
surface  film  of  free  casium.  In  obtaining  curves  for  this  composite 
progression  of  states  we  have  not  considered  surfaces  after  they  were 
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Fig.  20 — Relative  spectral  response  to  equal  energy  of  a  csesium-oxygen-silver  cell 
as  an  idealized  function  of  film  thickness. 

baked  at  200°  C.  because  of  the  likelihood  at  this  temperature  of 
surface  changes  other  than  in  caesium  concentration  alone. 

When  the  amount  of  c£esium  in  the  surface  is  far  below  the  normal 
(as  after  admitting  oxygen  equivalent  to  six  layers  of  caesium)  we  have 
a  spectral  response  which  decreases  continuously  with  increasing 
wave-length,  as  shown  in  curve  1  of  Fig.  20,  This  is  the  same  type 
of  response  as  obtained  by  Roller  ^  from  cells  prepared  by  treating 
with  caesium  a  silvered  bulb  with  an  adsorbed  film  of  oxygen  which 
gave  a  type  of  surface  designated  by  him  as  "Cs-O-Ag."  With 
increasing  film  thickness  the  response  increases  at  all  wave-lengths 

^  Loc.  cit. 
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and  a  selective  maximum  appears  as  in  curves  3  and  4.  Then  its 
height  rises  and  its  position  moves  to  longer  wave-lengths  until  the 
maximum  occurs  at  8,000  A.  as  in  curve  5,  and  the  response  at  10,000  A. 
attains  its  highest  value.  From  a  consideration  of  prevalent  concepts 
of  thin-film  effects  in  thermionic  and  photoelectric  phenomena  one 
should  expect  the  surface  in  this  state,  which  has  apparently  the 
maximum  value  of  the  photoelectric  threshold,  to  be  covered  with  a 
monatomic  film  of  free  caesium.  As  we  continue  increasing  the  amount 
of  caesium  in  the  film,  the  height  of  the  maximum  still  rises  but  its 
position  recedes  to  7,500  A.  and  the  response  at  10,000  A.  falls  as 
represented  in  curves  6  and  7.  In  the  transition  from  curve  5  to 
curve  7  the  gain  in  response  at  7,500  A.  is  offset  by  the  loss  in  response 
at  and  beyond  10,000  A.  As  a  result  the  integral  sensitivity  to 
tungsten  light  is  sensibly  constant  and  the  optimum  states  for  maxi- 
mum integral  sensitivity  lie  within  this  range.  With  further  increase 
in  caesium  film  thickness  the  height  of  the  maximum  drops,  and  the 
positions  of  both  the  selective  maximum  and  the  photoelectric  thres- 
hold recede  towards  shorter  wave-lengths  as  in  curves  8  and  9. 
Eventually  we  should  doubtless  approach  the  spectral  response  curve 
for  bulk  caesium  ^^  with  the  selective  maximum  at  5,400  A.  and  the 
photoelectric  threshold  at  7,100  A. 

The  large  changes  in  spectral  response  following  the  deposition  of 
minute  amounts  of  caesium  upon  the  cathode  surface  are  further 
evidence  that  the  photoelectric  effect  is  a  phenomenon  of  the  superficial 
surface  only  and  is  conditioned  mainly  by  the  thickness  of  the  surface 
film  of  free  caesium.  Although  the  cathode  surface  as  a  whole  is 
prepared  by  irreversible  chemical  reactions  which  are  arrested  before 
their  completion,  the  film  thickness  of  the  standard  surface  is  deter- 
mined by  the  concentration  of  free  caesium  in  the  underlying  matrix 
and  is  maintained  by  a  diffusion  equilibrium.  In  the  preparation  of 
the  standard  surface  this  partition  is  first  determined  at  220°  C.  in 
the  heat  treatment.  Stabilization  involves  a  readjustment  of  the 
surface  to  equilibrium  with  the  adjacent  portion  of  the  matrix  at 
room  temperature.  But  the  attainment  of  complete  equilibrium  at 
room  temperature  takes  so  long  that  many  fluctuations  of  the  ambient 
temperature  intervene  and  the  actual  history  of  such  a  photoelectric 
surface  involves  a  long  series  of  diffusion  waves  accompanied  by 
small  fluctuations  in  the  thickness  of  the  surface  film  which  deter- 
mines its  photoelectric  behavior. 

We  wish  to  express  our  appreciation  of  the  assistance  of  Mr.  M.  F. 
Jameson  in  these  experiments.  Acknowledgment  is  also  due  to  Mr. 
H.  W.  Hermance  for  the  chemical  analyses,  and  to  Miss  A.  K.  Marshall 
for  the  microphotographs. 

"  Miss  Seiler,  Astrophys.  J.,  52,  129  (1920). 


Two-Way  Radio  Telephone  Circuits  * 

By  S.  B.  WRIGHT  and  D.  MITCHELL 

This  paper  deals  with  the  problems  of  joining  long-distance  radio  tele- 
phone transmission  paths  to  the  ordinary  telephone  plant.  It  gives  the 
possibilities  and  limitations  of  various  methods  of  two-way  operation  of  such 
circuits  where  the  radio  channels  employ  either  long  or  short  waves.  It  also 
describes  the  special  terminal  apparatus  for  switching  the  transmission  paths 
under  control  of  voice  currents  and  lists  the  advantages  of  using  voice- 
operated  devices. 

RADIO  telephone  circuits  are  now  in  regular  use  between  New  York 
and  London,  New  York  and  Buenos  Aires,  San  Francisco  and 
Honolulu,  and  many  other  points.  At  each  end  of  such  a  circuit  there 
are  a  transmitting  radio  station  and  a  receiving  radio  station,  usually 
geographically  separated.  The  radio  provides  two  one-way  trans- 
mission paths.  The  circuit  is  completed  by  means  of  one-way  wire 
lines  which  connect  the  radio  sending  and  receiving  stations  to  a 
common  point.  At  this  common  point  some  rather  intricate  appara- 
tus is  called  for  in  order  to  permit  switching  of  the  circuit  to  the  wire 
telephone  plants  at  the  two  terminals.  This  paper  explains  why  this 
intricate  apparatus  is  necessary  even  for  the  comparatively  simple 
case  of  short-wave  radio  circuits  which  use  different  frequency  bands 
to  transmit  in  opposite  directions.  It  also  describes  the  latest  form 
of  this  terminal  apparatus  in  which  provision  is  made  for  certain 
switching  of  privacy  apparatus  by  means  of  which  an  important  saving 
is  made  in  the  amount  of  privacy  apparatus  required.  The  original 
form  of  this  apparatus  is  described  in  an  earlier  paper. ^ 

Transmission  Paths 

Radio  telephone  circuits  may  employ  the  same  frequency  band  for 
transmission  in  the  two  directions  or  they  may  employ  separate  bands. 
The  present  long-wave  telephone  circuit  between  New  York  and  Lon- 
don is  of  the  first  type,  while  most  existing  short-wave  circuits  are.  of 
the  second. 

A  short-wave  circuit,  using  separate  frequency  bands,  is  shown  in 
its  simplest  form  in  Fig.  L     It  is  formed  of  two  sets  of  terminal  appara- 

*  Presented  at  I.  R.  E.  Convention,  Pittsburgh,  Pa.,  April  7-9,  1932.  Published 
in  Proc.  I.  R.  E.,  July,  1932. 

'  S.  B.  Wright  and  H.  C.  Silent,  "New  York-London  Telephone  Circuit,"  Bell 
5ys.  Tech.  Jour.,  6,  736-749;  October,  1927. 
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tus  connected  by  two  one-way  channels,  each  of  which  consists  of  a 
transmitting  wire  Une,  a  radio  link  and  a  receiving  wire  line.  The 
function  of  the  terminal  or  "combining"  apparatus  is  to  tie  together 
these  two  one-way  paths  in  such  a  manner  that  they  may  be  connected 
at  the  switching  centers  to  various  telephone  subscribers  via  the  usual 
telephone  circuits. 

When  the  United  States  subscriber,  designated  as  A  in  Fig.  1, 
talks,  electrical  waves  set  up  by  his  voice  pass  over  a  wire  line  to  a  toll 
office.  They  then  divide  in  a  hybrid  set.  Part  of  the  energy  is  dissi- 
pated in  the  output  of  a  receiving  repeater,  and  part  is  amplified  by  a 
transmitting  repeater  and  passes  over  a  wire  line  to  a  radio  transmitter, 
as  indicated  in  the  upper  transmission  path  of  Fig.  1. 

The  waves  are  then  amplified  and  transformed  into  radio-frequency 
energy  and  radiated.  Some  energy  is  picked  up  by  a  distant  radio 
receiver,  amplified,  and  transformed  back  into  voice-frequency  energy 
which  passes  over  a  wire  line  to  the  overseas  terminal.  The  receiving 
repeater  at  this  point  makes  up  for  the  loss  of  the  receiving  wire  line. 
From  its  output  the  waves  pass  into  a  hybrid  set,  part  being  dissipated  in 
the  network  and  the  other  part  going  through  the  toll-office  to  the  over- 
seas subscriber  B.  Due  to  the  imperfect  balance  between  the  sub- 
scriber's line  and  the  network,  a  portion  of  this  energy  will  be  returned 
over  the  lower  transmission  path  to  the  United  States  subscriber  A  as 
echo. 

The  action  when  the  overseas  subscriber  B  talks  is  substantially  the 
same  as  that  described  above  except  that  the  useful  speech  waves  pass 
over  the  lower  transmission  path. 

In  long-wave  radio  circuits  the  scarcity  of  suitable  radio  channels 
makes  it  highly  desirable  to  use  the  same  frequency  band  for  transmis- 
sion in  both  directions.  This  results  in  two  additional  radio  paths  be- 
coming important,  namely,  those  between  the  radio  transmitter  and 
the  radio  receiver  at  each  end  of  the  circuit.  By  using  specially 
directive  antenna  arrangements,  transmission  over  these  paths  may  be 
partly  balanced  out.  In  practice,  this  balance  cannot  be  made  very 
effective  in  reducing  the  relative  importance  of  these  paths  without 
sacrificing  materially  the  receiving  directivity  against  natural  radio 
noise.  The  effect  of  these  added  transmission  paths  is  to  make  the 
transmission  problem  more  difficult,  as  will  be  explained. 

Transmission  Characteristics 
Returning  to  consideration  of  the  simple  four-wire  set-up  involved 
in  short-wave  operation,  the  transmission  characteristics  of  the  circuit 
evidently  depend  on  the  sum  of  the  effects  of  the  radio  and  wire  line 
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portions.  In  view  of  the  relatively  higher  cost  and  greater  length  of 
the  radio  links,  the  highest  grade  wire  circuits  available  are  usually 
justified  so  that,  in  general,  they  should  not  be  allowed  to  contribute 
much  transmission  impairment.  In  general,  the  added  delay  intro- 
duced by  these  wire  lines  is  their  most  important  effect. 

If  the  radio  links  are  quite  stable  and  fairly  free  from  atmospheric 
disturbance,  the  circuit  may  be  operated  like  four-wire  land  telephone 
circuits.  That  is,  the  total  amplification  in  the  circuit  may  be  kept  at 
such  a  value  that  it  never  exceeds  the  total  attenuation,  and  over-all 
singing  will  not  occur.  Four-wire  terminating  sets  or  hybrid  sets 
placed  at  the  ends  of  the  circuit,  as  shown  in  Fig.  1,  are  adequate  to 
prevent  singing  and  minimize  echo  effects  in  four-wire  circuits  which 
have  over-all  transmission  times  less  than  about  0.02  second,  provided 
the  net  loss  from  switchboard  to  switchboard  does  not  become  lower 
than  about  5  db. 

If  the  radio  links  or  wire  lines  are  long,  the  circuit  will  produce  an- 
noying echoes  exactly  as  a  four-wire  cable  circuit  will,  due  to  delay  or 
instability,  or  both.  Also,  as  in  the  case  of  four-wire  cable  circuits, 
echo  effects  may  be  reduced  appreciably  by  voice-operated  echo  sup- 
pressors which  block  the  path  of  the  delayed  echoes  while  the  other 
path  is  transmitting  speech.  The  possibilities  and  limitations  of  this 
type  of  device  are  discussed  elsewhere.^ 

When  the  radio  channels  are  more  noisy  and/or  less  stable,  the 
transmission  may  be  greatly  improved  through  more  efficient  use  of  the 
radio  links.  The  noise  may  be  minimized  by  bringing  the  speech  waves 
of  all  talkers,  strong  or  weak,  to  the  same  "electrical  volume"  or 
strength  at  the  input  to  the  radio  transmitter.  Thus,  practically 
full  modulation  may  be  maintained  on  the  radio  transmitter  at  all 
times  and  the  ratio  of  the  desired  signal  to  the  radio  noise  kept  a 
maximum.  Large  changes  in  gain  between  the  two-wire  line  and  the 
radio  transmitter  are  necessary  to  accomplish  this  result.  These 
changes  are  made  by  technical  operators  who  make  the  adjustments 
with  variable  loss  devices.  An  indication  of  the  volume  is  obtained 
through  the  aid  of  electrical  meters  called  "volume  indicators." 
In  practice,  the  over-all  transmission  of  a  long  radio  circuit  may  be 
varied  by  the  technical  operators  from  a  30-db  loss  to  a  30-db  gain 
within  a  few  minutes. 

In  short-wave  circuits,  the  phenomenon  known  as  "fading"  in- 
troduces an  effect  which  is  of  great  importance  in  two-way  operation. 
Where  fading  results  in  variations  of  the  entire  transmitted  band  of 
frequencies,  automatic  gain  control  at  the  radio  receiver  is  effective  in 

2  A.  B.  Clark  and  R.  C.  Mathes,  "Echo  suppressors  for  long  telephone  circuits," 
Jour.  A.  I.E.  E.,  44,  618-626;  June,  1925. 
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maintaining  the  received  volume  at  a  substantially  constant  value. 
The  gain  control  is  operated  by  the  incoming  carrier.  When  the 
fading  is  of  the  type  in  which  the  different  frequencies  in  the  transmitted 
band  do  not  fade  simultaneously,  the  automatic  gain  control  is  not  so 
effective  and  considerable  variations  in  volume  out  of  the  receiver 
may  occur  in  a  short  time. 

In  the  long-wave  circuit,  the  variations  are  too  slow  to  be  classed  as 
fading,  and  occasional  manual  adjustments  of  receiver  gain  result  in 
keeping  the  volume  at  the  receiving  end  within  about  ±5  db. 

Because  of  the  gain  adjustments  to  reduce  noise,  combined  with 
changes  in  radio  receiver  gain  to  compensate  for  fading  or  for  variations 
in  radio  attenuation,  "singing"  would  occur  if  the  hybrid  coils  and 
echo  suppressor  were  not  augmented  by  additional  means  of  singing 
prevention.  One  way  of  preventing  singing  would  be  to  reduce  gain  in 
the  receiving  leg  whenever  gain  was  introduced  in  the  transmitting  leg 
of  the  circuit.  Volume  penalties  to  the  listener  as  great  as  25  db  would 
frequently  be  encountered  if  this  were  done,  and,  in  addition,  con- 
siderable agility  would  be  required  on  the  part  of  the  technical  opera- 
tors to  keep  the  circuit  adjusted.  However,  this  method  would  not 
compensate  for  gain  changes  in  the  radio  receivers,  so  that  singing 
might  still  occur  under  unfavorable  conditions. 

Also,  in  the  case  of  a  long-wave  transatlantic  circuit,  singing  could 
occur  over  transmission  paths  between  the  local  radio  transmitter  and 
receiver.  The  volume  received  from  the  local  transmitter  may  occa- 
sionally be  as  much  as  40  db  stronger  than  that  from  the  distant  sta- 
tion if  the  transmitter  and  receiver  are  about  90  miles  apart,  even 
though  antenna  directivity  were  used  at  both  the  transmitters  and  the 
receivers.  In  general,  if  the  receiver  gain  is  adjusted  to  give  the  proper 
volume  on  the  distant  station,  the  amplification  in  the  local  radio  path 
is  entirely  out  of  reason. 

It  is  therefore  necessary  to  provide  other  means  of  preventing 
singing  to  maintain  optimum  transmission  conditions. 

\'ODAS 

There  has  been  developed  for  meeting  these  difficulties  an  anti- 
singing  voice-operated  device  known  as  a  "vodas."  ^  Fig.  6  shows  a 
radio  telephone  circuit  arranged  with  a  vodas  in  its  simplest  form  at 
each  end  of  the  circuit.  The  vodas  consists  of  a  transmitting  delay 
circuit,  detector,  and  certain  relays,  and  a  receiving  delay  circuit, 
detector,  and  relay.  These  devices  are  operated  by  the  voice  currents 
in  the  circuit  so  as  to  keep  all  singing  paths  blocked  at  all  times. 

'Taken  from  initials  of  the  words  "Voice-Operated  Device  Anti-Singing." 
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The  vodases  in  Fig.  6  are  shown  for  the  condition  when  no  speech  is 
being  transmitted.  Relay  1  keeps  the  transmitting  circuit  blocked  so 
that  singing  cannot  occur  around  the  complete  circuit  or  through  a 
local  radio  path  and  terminal.  Transmission  is  free  to  pass  the  con- 
tacts of  relay  2.  When  the  United  States  subscriber  speaks,  voice  cur- 
rents go  into  the  transmitting  detector  and  delay  circuit.  While  they 
are  traversing  the  delay  circuit,  relays  1  and  2  become  operated  pro- 
vided relay  3  has  not  been  operated  previously.  The  operation  of  relay 
1  permits  the  voice  currents  to  travel  on  to  the  radio  transmitter.  The 
operation  of  relay  2  blocks  the  receiving  path  and  prevents  echoes  and 
singing  that  might  otherwise  occur  when  relay  1  is  operated. 

Upon  being  received  at  the  distant  end,  the  voice  currents  operate 
relay  3  from  the  receiving  detector,  thus  protecting  the  transmitting 
detector  and  relays  against  operation  by  echoes  of  received  speech 
currents.  These  echoes  are  returned  from  unbalances  in  the  two-wire 
portion  of  the  connection  beyond  the  terminal.  The  receiving  delay 
circuit  delays-  the  speech  long  enough  to  insure  complete  operation  of 
relay  3  before  the  echoes  return.  When  the  subscriber  stops  speaking, 
the  relays  return  to  normal. 

By  adding  two  more  relays  to  the  transmitting  side  of  the  vodas,  it 
is  possible  to  save  part  of  the  apparatus  which  is  used  to  increase  pri- 
vacy on  the  circuit.  This  saving  is  made  by  using  the  same  privacy 
device  for  both  transmitting  and  receiving.  This  is  possible  provided 
the  action  of  the  privacy  device  is  the  same  for  distorting  the  voice 
waves  at  the  transmitting  end  as  it  is  for  restoring  them  at  the  receiving 
end  of  the  circuit.  An  arrangement  of  the  vodas  having  this  feature, 
which  is  now  in  general  use,  is  illustrated  in  Fig.  2.  The  apparatus 
additional  to  the  simple  vodas  consists  of  relays  4  and  5,  the  privacy 
device,  a  hybrid  set,  and  two  one-way  repeaters.  In  Fig.  2  this 
apparatus  is  labeled  "Privacy  Switching  Circuit." 

The  action  of  the  device  shown  in  Fig.  2  on  transmitting  speech 
waves  is  as  follows :  Useful  waves  from  subscriber  A  are  impressed  on  a 
potentiometer  ahead  of  the  transmitting  repeater,  which  is  kept  ad- 
justed by  the  technical  operator  to  maintain  constant  volume  at  the 
output  of  the  transmitting  repeater.  The  waves  then  pass  into  the 
vodas  where  they  first  reach  the  transmitting  delay  circuit  and  are 
stored  for  a  short  interval.  A  small  part  of  these  waves  enters  the 
transmitting  detector  and  operates  relays  1,2,4,  and  5,  provided  relay 
3  has  not  been  operated  by  the  receiving  detector  previously.  The 
interval  of  the  transmitting  delay  circuit  is  several  times  as  great  as  the 
operating  time  of  relays  1,  2,  4,  and  5  so  that  initial  weak  parts  of 
speech  syllables  may  be  stored  in  this  delay  circuit  until  stronger  parts 
arriving  later  have  had  a  chance  to  operate  the  relays. 
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Operation  of  relay  1  clears  a  path  for  the  speech  waves  after  they 
pass  through  the  transmitting  delay  circuit.  From  there  they  pass 
into  the  privacy  switching  circuit  traveling  downward  to  the  privacy 
hybrid  set.  Here  they  divide  and  the  useful  portion  travels  through 
the  privacy  device.  At  its  output  the  waves  divide,  part  being  ampli- 
fied by  the  transmitting  and  part  by  the  receiving  privacy  repeater. 
The  subscriber  at  A  is  prevented  from  hearing  echo  by  the  operation  of 
relay  2  which  disables  the  receiving  transmission  path  in  a  way  to  be 
described  later.  The  portion  of  the  waves  which  travels  upward 
through  the  transmitting  privacy  repeater,  however,  is  now  free  to 
pass  on  to  the  wire  line  and  radio  link  due  to  the  operation  of  relay  4. 
Operation  of  relay  5  prevents  any  echo  due  to  direct  transmission  from 
the  local  radio  transmitter  to  the  radio  receiver  from  being  passed  into 
the  privacy  device  and  thus  causing  distortion  of  the  outgoing  waves. 

Action  of  this  device  on  incoming  speech  waves  is  as  follows:  The 
waves  after  being  detected  by  the  radio  receiver  travel  over  the  wire 
line  and,  provided  the  transmitting  relays  have  not  been  previously 
operated,  pass  through  the  first  repeating  coil  combination  and  into 
the  lower  side  of  the  privacy  hybrid.  There  they  divide  and  the  useful 
part  passes  through  the  privacy  device  where  it  is  restored  to  an  intel- 
ligible form.  At  the  output  of  the  privacy  device,  the  waves  are  ampli- 
fied by  both  transmitting  and  receiving  privacy  repeaters.  Any  re- 
transmission of  these  waves  from  the  local  transmitter  is  prevented  by 
relay  4  which  is  now  released.  At  the  output  of  the  receiving  privacy 
repeater  the  waves  pass  through  the  second  repeating  coil  combination 
and  thence  to  the  receiving  delay  circuit.  A  part  of  these  waves,  if 
they  are  strong  enough,  may  operate  the  receiving  detector  and  thus, 
relay  3. 

After  passing  through  the  receiving  delay  circuit  the  speech  waves 
travel  on  through  a  receiving  potentiometer,  receiving  repeater,  hybrid 
set,  and  to  the  subscriber  at  A. 

A  small  part  of  these  waves  may  be  reflected  due  to  the  difference  in 
impedance  between  the  subscriber's  line  and  the  network  and  return 
over  the  transmitting  branch  of  the  circuit.  However,  if  these  waves 
are  strong  enough  to  operate  relay  3,  they  are  prevented  from  operating 
the  transmitting  relays.  If  they  are  too  weak  to  operate  relay  3,  an 
adjustment  of  receiving  volume  is  made  so  that  they  will  be  too  weak 
to  operate  the  transmitting  relays.  This  adjustment  is  accomplished 
by  the  potentiometer  ahead  of  the  receiving  repeater.  The  waves 
are  prevented  from  passing  through  the  privacy  device  by  relay  1  which 
is  released. 

In  practice,  it  is  necessary  to  protect  the  vodas  against  operation 
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from  noise.  This  is  done  by  frequency  discrimination  as  well  as  by 
amplitude  discrimination  and  the  use  of  artificial  delay.  The  detectors 
have  their  input  circuits  arranged  to  keep  out  frequencies  that  are  not 
essential  for  speech  operation.  In  addition,  their  sensitivity  is  made 
adjustable.  The  transmitting  detector  is  generally  worked  at  a  value 
which  results  in  no  perceptible  loss  of  intelligibility  due  to  failure  of  the 
transmitting  relays  to  operate,  at  the  same  time  allowing  a  maximum 
amount  of  line  noise  to  be  applied  without  operating  the  relays  falsely. 
The  receiving  detector  is  adjusted  frequently  by  the  technical  operator 
so  as  to  obtain  the  best  operation  on  incoming  speech  without  false 


OUT 


A.  SUPPRESSED 


OUT 


B.  UNSUPPRESSED 
Fig.  3 — Repeating  coil  arrangement  for  suppressing  echoes. 

operation  from  radio  noise.  When  the  incoming  noise  is  low,  relay  3 
may  be  made  very  sensitive.  Any  incoming  speech  which  does  not 
operate  relay  3  is  thus  weak,  and  the  receiving  volume  may  be  kept 
high  without  danger  of  echoes  operating  the  transmitting  relays. 
When  the  noise  is  high,  relay  3  is  made  insensitive,  requiring  more  loss 
in  the  echo  path  and,  consequently,  lower  volume  to  the  listener. 

The  method  of  suppressing  transmission  by  opening  a  single  relay 
contact  is  illustrated  in  detail  by  Fig.  3.  In  A  of  this  figure,  the  relay 
(i?  on  the  figure)  is  assumed  to  be  operated  so  that  transmission  is 
suppressed.  The  voltages  induced  in  windings  ^Si  and  52  of  the  first  coil 
are  opposed  to  each  other  in  a  circuit  including  P2  and  P3  of  the  second 
coil,  the  resulting  flux  in  the  core  of  this  coil  being  very  small.     Losses 
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as  high  as  75  db  are  produced  by  this  arrangement  by  proper  design  of 
coils  and  adding  a  small  condenser  (C)  to  balance  the  capacity  (C)  of 
the  leads  to  the  relay  contacts.  In  practice,  a  pair  of  wires  is  cut  off  to 
give  the  right  capacity,  and  then  laced  into  the  cable  form.  In  B  of  the 
figure,  the  circuit  is  shown  in  the  normal  condition.  Transmission 
through  the  coils  is  affected  only  by  their  normal  transition  loss.  While 
the  windings  ^i  and  S2.  in  A  are  effectively  in  series  opposing,  in  B  they 
are  connected  by  separate  circuits  to  the  corresponding  windings  Pi  and 
Pz,  due  to  the  extra  path  through  the  relay  contact. 

Operation  of  a  Radio  Telephone  Circuit 

Having  in  the  vodas  a  means  for  suppressing  echoes  and  singing 
under  extreme  conditions  (with  the  additional  advantages  of  suppress- 
ing intermediate  "cross-transmission"  paths),  it  is  important  to  con- 
sider the  broader  application  of  such  a  device  to  radio  telephone  cir- 
cuits. Three  cases  of  operation  with  anti-singing  devices  are  of 
interest: 

1.  Vodas  at  one  end,  plain  hybrid  set  at  the  other. 

2.  Vodas  at  one  end,  echo  suppressor  (without  anti-singing  relay) 
at  the  other. 

3.  Vodases  at  both  ends. 

1.    Vodas  at  One  End,  Plain  Hybrid  Set  at  the  Other 

This  arrangement  is  shown  in  Fig.  4.  In  this  and  the  next  figures, 
the  privacy  switching  circuit  has  been  omitted  for  simplicity.  The 
vodas  prevents  singing  and  echo  effects  from  unbalances  at  the  A  end 
and  also  prevents  the  A  subscriber  from  hearing  echoes. 

The  disadvantages  of  these  arrangements  may  be  understood  by 
considering  the  transmission  received  at  the  B  end  which  has  no  voice- 
operated  relays.  Speech  received  over  the  circuit  would  be  returned  to 
the  local  radio  transmitter  as  an  echo  or  echoes.  If  a  weak  talker  were 
connected  at  the  B  end,  the  volume  control  device  would  amplify  these 
echoes  to  an  appreciable  extent.  In  addition  to  overloading  the  radio 
transmitter,  such  echo  would  permit  both  sides  of  the  conversations  to 
be  broadcast  from  the  same  station,  thus  reducing  privacy.  Radio 
noise  might  also  be  received  at  B  and  transmitted  as  echoes  to  the  A 
end  of  the  circuit.  In  addition,  line  noise  from  a  two-wire  circuit  at 
the  B  end  would  be  freely  transmitted  to  the  A  end,  causing  a  limitation 
of  the  sensitivity  of  relay  3  and  consequently  a  reduction  of  volume 
at  the  A  end. 
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2.  Vodas  at  One  End,  Echo  Suppressor  at  the  Other 

The  above  possibilities  of  transmitter  overloading  and  speech 
reradiation  due  to  echoes  might  be  prevented  by  adding  a  voice- 
operated  echo  suppressor  at  the  B  end  as  shown  in  Fig.  5.  This  device 
would  be  operated  by  received  speech  so  as  to  disable  the  transmitting 
branch  of  the  circuit.  Its  sensitivity  would  be  limited  as  would  also 
the  received  volume  at  one  or  both  ends.  It  should  be  noted  that  if 
no  cross  transmission  paths  existed,  relay  2  of  the  vodas  at  the  A  end 
could  be  omitted  when  this  device  is  used. 

The  echo  suppressor  would  not  suppress  echoes  of  radio  noise  or 
direct  transmission  of  line  noise  from  the  B  end  to  the  receiving  relay  3 
at  the  A  end.  Relay  3  would  therefore  need  to  have  its  sensitivity 
reduced  so  as  not  to  be  operated  by  these  noises.  This  gives  rise  to  an 
additional  limitation  of  received  volume  at  the  A  end.  The  amount  of 
the  penalty  would,  of  course,  depend  on  the  noise  conditions,  the  talker 
volume  and  the  echoes  in  two-wire  circuits  at  the  B  end.  Under  ex- 
treme conditions,  the  necessary  reduction  in  receiving  volume  at  the 
A  end  might  be  as  much  as  25  db.  This  is  considered  to  be  an  impor- 
tant disadvantage  inasmuch  as  conditions  at  the  two  ends  are  not 
independent  and  lack  of  an  anti-singing  device  at  one  end  penalizes 
the  received  volume  at  the  other. 

Another  solution  would  be  to  limit  the  transmitting  gain  at  the  B  end 
so  that  the  noise  transmitted  past  the  echo  suppressor  would  never 
limit  the  sensitivity  of  relay  3  at  the  A  end.  This  would  mean  that 
the  received  signal-to-noise  ratio  at  the  A  end  would  be  reduced, 
particularly  if  the  taker  at  the  B  end  were  weak. 

3.  Vodases  at  Both  Ends 

To  summarize,  it  may  be  said  that  anything  short  of  anti-singing 
devices  at  both  ends  does  not  make  the  two  ends  of  the  circuit  in- 
dependent and  may  penalize  the  transmission  at  the  vodas  end  when 
there  is  radio  noise  or  line  noise  at  the  end  without  an  anti-singing 
device.     The  preferred  arrangement  is  shown  in  Fig.  6. 

Results  of  Vodas  Operation 

In  general,  the  results  of  operation  with  the  vodas  have  been  good 
and,  when  radio  conditions  are  favorable,  the  circuits  are  not  appreci- 
ably different  from  land  circuits  of  comparable  length. 

Occasionally,  the  vodases  introduce  minor  difficulties.  False  opera- 
tion by  noise  and  simultaneous  talking  by  the  two  subscribers  both 
tend  to  cause  speech  mutilation.     The  large  transmission  advantages 
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afforded  by  their  use  greatly  outweigh  any  such  troubles.     These 
advantages  may  be  summarized  as  follows: 

1.  Suppress  echoes  and  singing  which  would  otherwise  be  heard 
due  to  adjustments  to  reduce  radio  noise,  instability  and  cross-trans- 
mission paths. 

2.  Prevent  retransmission  of  echoes  which  would  cause  overloading 
and  two-way  broadcasting  at  the  radio  transmitters. 

3.  Save  privacy  apparatus. 

4.  Permit  the  telephone  listeners  to  hear  louder  speech  waves. 

5.  Afiford  independent  technical  operation  of  the  two  ends  of  the 
circuit. 
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Magnet   Steels   and   Permanent  Magnets — Relationships 
Among  Their  Magnetic  Properties* 

By  K.  L.  SCOTT 

Introduction 

A  GENERAL  study  of  the  magnetic  properties  of  magnet  steels  and 
permanent  magnets  embraces  a  number  of  related  problems.  Of 
chief  interest  to  the  designer  of  magnets  is  the  problem  of  determin- 
ing the  relationship  between  the  open-circuit  remanence  of  a  permanent 
magnet  and  the  various  factors  which  determine  its  value.  These 
factors  include  the  magnetic  characteristics  or  properties  of  the  steel, 
as  displayed  by  its  hysteresis  loop,  and  the  shape  and  dimensions  of  the 
magnet.  Of  interest  to  the  manufacturer  of  magnet  steel  are  the 
questions  of  how  chemical  composition,  melting  practise,  and  rolling 
practise  affect  the  magnetic  and  mechanical  properties  of  the  steel. 
The  manufacturer  of  magnets  is  interested  in  the  effect  of  the  necessary 
manufacturing  operations,  such  as  heating  for  hot  forming  and  an- 
nealing to  increase  machinability,  upon  the  flux  obtainable  in  the 
finished  magnet;  on  the  tendency  of  the  steel  to  warp  and  crack  upon 
quenching;  and  on  the  proper  hardening  treatment  to  use. 

These  interests  overlap,  of  course,  and  include  many  special  sub- 
jects, among  which  may  be  listed  the  manner  in  which  various  in- 
fluences may  affect  the  state  of  magnetization  of  a  magnet,  the  correla- 
tion of  the  microstructure  and  mechanical  properties  of  a  magnet  steel 
with  its  magnetic  properties,  the  determination  of  a  suitable  criterion 
of  magnetic  quality,  the  development  of  accurate  and  convenient  test- 
ing equipment,  and  various  other  matters  of  greater  or  less  importance. 

It  is  the  purpose  of  this  paper  to  present  data  relating  to  some  of  the 
above  topics,  which  have  been  collected  by  the  writer  during  the  course 
of  several  years  connection  with  the  manufacture  of  permanent  mag- 
nets, both  in  the  laboratory  and  in  the  shop. 

Symbols  and  Notations 

The  following  symbols  and  notations  will  be  used.     See  Fig.   1. 

All  values  of  B  are  intrinsic  or  ferric  induction. 

Bmax         =  The  value  of  magnetic  induction  corresponding  to  the  tip  of 

a  given  hysteresis  loop,  in  gauss. 

*  Presented  before  A.  I.  E.  E.  in  New  York  City,  Jan.  26,  1932.  Published  in 
abridged  form  in  Elec.  Engg.,  May,  1932. 
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Umax        =  The  value  of  //  corresponding  to  Bmax,  in  oersteds. 

B,  =  The  saturation  value  of  flux  density  corresponding  to  an 

infinite  magnetizing  force. 

Br  =  Residual  induction,  the  magnetic  induction  in  a  ring  or 

infinitely  long  straight  bar  after  the  value  of  H  has  been 
reduced  from  Hmax  to  0.  The  value  of  B  at  the  inter- 
section of  the  hysteresis  loop  with  the  B  axis,  in  gauss. 

He  =  Coercive  force,  the  value  of  H  required  to  reduce  B  from  Br 

to  O  in  a  ring  or  infinitely  long  bar.  The  value  of  H  at 
the  intersection  of  the  hysteresis  loop  with  the  H  axis,  in 
oersteds. 

Brem  =  Rcmaneuce,    the    magnetic    induction    at    the    magnetic 

equator  of  a  permanent  magnet  with  no  external  mag- 
netizing or  demagnetizing  force.  Values  of  Brem  given 
in  this  paper  are  without  pole  pieces  on  the  magnets,  in 
gauss. 

L  =  The  actual  developed  length  of  a  magnet. 

A  =  The  area  of  cross  section  of  a  magnet. 

D  =  The  equivalent  diameter  of  a  magnet 

=  2VI/Vx 

L/D  =  The  dimension  ratio  of  a  permanent  magnet. 

{BH)max  =  The  maximum  value  of  the  product  of  the  coordinates  of 
the  demagnetization  curve  for  a  given  steel.  The  de- 
magnetization curve  is  the  portion  of  the  hysteresis  loop 
between  Br  and  He. 

T  =  Hardening  temperature,  absolute  scale. 

To  =  Optimum  hardening  temperature,  absolute  scale. 

Factors  that  Determine  the  Remanence  of  a  Permanent  Magnet 
Of  the  subjects  enumerated  in  the  introduction,  the  first  is  the  one 
that  has  been  of  greatest  technical  interest  to  the  writer.  During  the 
course  of  several  laboratory  investigations  connected  with  shop  prob- 
lems, advantage  was  taken  of  the  opportunity  to  secure  data  which 
might  be  used  for  the  purpose  of  making  generalizations  regarding  rela- 
tions among  magnetic  properties  of  magnet  steels  and  permanent 
magnets. 

The  specific  problem  was  to  find  out  exactly  the  way  in  which  the 
remanence  of  a  magnet  is  related  to  its  shape  and  dimensions  as  well  as 
to  the  magnetic  properties  of  the  material  of  which  it  is  made.  Al- 
though it  requires  the  complete  family  of  hysteresis  loops  for  a  given 
piece  of  magnet  steel  to  portray  all  of  its  various  magnetic  characteris- 
tics, it  was  felt  that  possibly  the  combined  influence  upon  the  reman- 
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ence  of  a  magnet  of  the  sum  of  these  characteristics  could  be  expressed 
in  terms  of  the  values  of  Br  and  He  for  the  material.  Such  an  assump- 
tion, if  valid,  would  simplify  the  problem  considerably. 

It  is  true  that  in  the  literature  on  the  subject  there  are  several 
papers^'''''  describing  more  or  less  accurate  methods  by  means  of 
which  a  designer  may  predict  the  flux  of  a  given  magnet  provided  the 
demagnetization  curve  for  the  steel  is  known.  But  these  methods  are 
laborious,  and  unless  a  complete  redesign  is  worked  out  for  each  case, 


Fig.  1 — Hysteresis  loop  of  magnet  steel. 

they  do  not  answer  such  questions,  for  example,  as  how  much  a  certain 
change  in  Br  or  He  will  affect  the  remanence  of  a  given  magnet,  other 
factors  remaining  constant. 

Because  the  flux  value  of  a  magnet  is  affected  by  shape  as  well  as 
other  factors,  and  because  magnets  are  made  in  a  bewildering  variety 
of  shapes,  it  was  decided  to  confine  the  investigations  to  straight  bar 
magnets  and  leave  the  matter  of  the  effect  of  shape  on  flux  for  a  later 
study. 

^  For  references  see  end  of  paper. 
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Test  Specimens.  Accordingly,  a  large  number  of  straight  bars  of 
magnet  steel  were  used  for  test  specimens.  Each  of  the  bars  was  12 
inches  in  length.  In  the  lot  were  bars  of  3^  by  13^  in.,  /4  by  3^  in., 
3/16  by  ^/i  in.,  34  by  13^^  in.,  M  by  ^  in.,  and  ^  by  3^  in.  cross  sec- 
tions. All  of  the  types  of  steel  available  were  used,  including  0.9  to 
3.5  per  cent  chromium  steel,  0.85  per  cent  manganese  steel,  5  per  cent 
tungsten  steel,  and  20,  25  and  36  per  cent  cobalt  steels.  Along  with 
this  range  in  composition  a  range  in  coercive  force  of  from  40  oersteds 
to  260  oersteds  was  available,  accompanied  by  a  variation  in  residual 
induction  of  from  6,000  gauss  to  11,000  gauss. 


Fig.  2 — The  Babbitt  permeameter.    Used  for  making  magnetic  measurements  on  any 

kind  of  magnet  steel. 


Experimental  Procedure.  The  test  bars  were  hardened  in  the  man- 
ner appropriate  to  each  type  of  steel,  except  that  some  bars  were 
purposely  quenched  from  a  high  temperature  in  order  to  secure  low 
values  of  Br.  After  hardening,  the  demagnetization  curve  for  each 
bar  was  determined  by  means  of  permeameter  measurements,  using 
the  Babbitt  ^  permeameter  and  a  Grassot  fluxmeter  with  lamp  and 
scale.  The  control  circuit  of  this  permeameter  is  the  conventional 
circuit  for  a  ring  test,  as  shown  in  Fig.  3.  The  magnetic  data  are  all 
comparable  since  accurate  measurements  may  be  made  with  this 
permeameter  on  all  of  the  above  mentioned  types  of  magnet  steel. 
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Following  the  permeameter  measurements,  each  bar  was  magne- 
tized as  a  straight  bar  magnet  in  an  air  core  solenoid.  Field  strengths 
of  over  1 ,000  oersteds  were  applied  to  each  bar.  Upon  removal  from 
the  solenoid  the  flux  density  at  the  middle  of  the  bar  was  measured 
by  means  of  a  search  coil  and  the  Grassot  fluxmeter  with  lamp  and 
scale.  It  is  the  flux  density  measured  in  this  way  that  is  referred  to 
in  this  discussion  as  the  remanence  of  a  magnet,  or  Brem- 

After  the  measurements  at  12-in.  lengths  were  completed,  each  bar 
was  cut  in  succession  to  10,  8,  6,  4,  and  2-in.  lengths  by  removing 
1  inch  of  material  from  each  end  except  that  in  the  case  of  some  of  the 
bars  of  larger  cross-section  the  lengths  of  10,  6,  and  2  inches  were 
omitted. 

Remanence  measurements  were  made  at  each  of  the  above  lengths. 
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Fig.  3 — Control  circuit  of  the  Babbitt  perrneameter.     Note  that  the  connections  are 

those  of  a  simple  ring  test. 

The  bars  were  remagnetized  for  each  new  measurement  of  Brem- 

The  foregoing  experiments  made  available  for  analysis  a  wide  range 
of  values  of  the  associated  variables  Br.m,  Br,  H,,  length  L,  and  cross- 
sectional  area  A . 

Analysis  of  Data.  The  values  of  remanence  versus  length  for  a 
number  of  the  straight  bar  magnets  are  plotted  in  Fig.  4  to  show  the 
range  of  values  existing  in  different  bar  magnets  of  the  same  length, 
when  fully  magnetized.  The  differences  in  Brem  for  a  particular  length 
of  bar  are  due  to  the  differences  in  Br,  He,  and  cross-section  of  the 
various  samples. 

The  chief  characteristic  that  the  curves  of  Fig.  4  have  in  common  is 
a  resemblance  in  shape  to  a  normal  induction  curve  and  an  asymptotic 
approach  to  limiting  values  of  Brem  as  the  lengths  increase. 
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In  Fig.  5  is  shown  the  result  of  plotting  Brem/BrVs.  {L/D)ylHc(T/Toy 
for  the  same  set  of  bars.  This  combination  of  variables  was  arrived 
at  purely  by  a  cut  and  try  method,  but  as  shown,  a  surprisingly  good 
correlation  is  obtained. 

It  should  be  mentioned  in  connection  with  Fig.  4  that  it  was  found 
that  the  data  relating  to  some  of  the  bars  did  not  fit  the  curve  satis- 
factorily if  Brem/Br  was  plotted  against  L^HdD,  but  in  each  case 
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LENGTH  OF   BAR  IN  INCHES 


Fig.  4 — Curves  of  remanence  vs.  length  for  straight  bar  magnets  of  different  cross- 
sections  and  materials. 


where  this  was  so  the  bar  had  been  quenched  from  above  or  below  the 
optimum  hardening  temperature.  It  was  found,  however,  that  the 
data  from  these  bars  could  be  correlated  with  those  from  the  properly 
hardened  bars  if  Brem/Br  were  plotted  against  {LID)^Hc{TITqY  in 
which  T  is  the  actual,  and  Tq  is  the  optimum  hardening  temperature 
on  the  absolute  scale.  The  ratio  TJTq  is,  of  course,  equal  to  unity 
for  bars  properly  hardened.  The  definition  of  the  optimum  hardening 
temperature  will  be  given  later. 
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After  this  empirical  correlation  was  obtained,  it  was  suggested  that 
Brem/Br  VS.  L^HcjD^lfr  would  be  preferable  as  a  choice  of  variables, 
from  theoretical  considerations  based  upon  the  assumption  of  uniform 
magnetization  in  the  magnets.  Although  it  can  be  shown  that  this 
assumption  is  not  fulfilled  in  the  actual  case  of  straight  bar  magnets, 
this  method  of  plotting  gives  as  good  a  correlation  as  is  shown  in  Fig. 
5.     Such  a  result  might  be  expected,  since  the  values  of  Br  commonly 
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Fig.  5— The  same  data  as  in  Fig.  4.  Showing  the  correlation  between  Brem/Br  and 
(LID)ylHc  for  bars  of  any  kind  of  material,  magnetic  properties,  length  or  cross- 
section. 


encountered  range  from  9,000  gauss  to  11,000  gauss,  thus  differing 
from  10,000  gauss  by  10  per  cent  at  most.  The  square  root  of  Br, 
therefore,  differs  from  100  by  not  moj;e  than  5  p^  cent  in  most  cases, 
whence  it  follows  that  dividing  L^HcjD  by  ^Br  shifts  the  relative 
position  of  the  abscissas  of  the  points  in  Fig.  5  by  not  more  than  5  per 
cent  in  most  cases.     Fig.  6  illustrates  the  results  obtained  by  the 

second  method  of  plotting.  

Dimensional  considerations  favor  the  use  of  the  quantity  L^JHc/ 
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D^Br,  however,  since  this  quantity,  like  Brem/Br,  is  dimensionless, 
whereas  L^Hc/D  is  not.  For  this  reason  it  is  felt  that  the  method 
of  plotting  shown  in  Fig.  6  is  to  be  preferred  to  that  of  Fig.  5  although 
the  correlation  obtained  in  Fig.  5  appears  to  be  as  good  as  that  shown 
in  Fig.  6.  Further,  the  necessity  for  injecting  the  variable  of  tem- 
perature into  the  picture  is  done  away  with. 

Inasmuch  as  the  data  from  a  large  number  of  bars  of  widely  different 
compositions,  magnetic  properties,  dimensions  and  heat  treatment  are 
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Fig  6.— The  data  of  Fig.  4  with  BremlB,  plotted  against  LyjHc/DyjBr 


all  found  to  cluster  quite  closely  along  a  single  curve,  it  is  felt  that  it  is 
legitimate  to  use  the  curve  as  a  basis  for  some  generalizations,  even 
though  the  curve  was  arrived  at  largely  by  empirical  processes. 

The  type^of  curve  that  is  obtained  when  BremlB r  is  plotted  against 
LyHc/D-^Br  indicates  that  other  factors  being  constant,  the  remanence 
of  a  magnet  is  roughly  proportional  to  ^[B'r  and,  for  large  values  of 
LylHc/DyJBr,  in  other  words,  for  large  values  of  dimension  ratio  or 
coercive  force,  the  remanence  is  practically  equal  to  B^  This  fact  is 
of  interest  from  a  design  standpoint. 
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It  was  to  be  expected,  of  course,  that  the  values  of  Brrm  would  ap- 
proach Br  as  a  limit  for  high  values  of  length  of  bar,  since  the  end  effect 
diminishes  as  the  length  increases  and  the  condition  of  an  infinitely 
long  bar  or  a  closed  ring  is  simulated.  The  functional  relationship 
which  the  quantity  LV//,.//)\'i^r  bears  to  the  ration  Brem/Br  is  not 
known.  A  fairly  good  fit  of  the  observed  data  is  given  by  the  ex- 
pressions: 

q1.5 

r  =  YJc  q  =  0  to  q  =  1.25  and 


0.8 
ff2.75 


r  =  e  '"■"'  q  =  1.25  to  g  =  oo 

in  which  r  =  BremjBr  and  q  =  L^HcjD^Br,  but  aside  from  the  direct 
proportionality  of  Brem  and  Br,  the  equations  appear  to  have  little 
meaning.  However,  they  do  indicate  that  for  a  given  dimension  ratio, 
there  is  a  practical  upper  limit  to  He,  beyond  which  very  large  increases 
in  lie  are  necessary  to  produce  small  increases  in  the  ratio  of  Brem 
to  Br.  Considerable  interest  attaches  to  the  fact  that  the  dimension 
ratio  LjD  and  \Hel^Br  are  of  equal  weight  in  affecting  the  remanence 
of  a  magnet.  It  is  also  worth  noting  that  the  value  of  Brem  is  inde- 
pendent of  the  contour  of  the  cross-sectional  area.  It  is  possible  that 
this  would  not  hold  for  dimension  ratios  less  than  one,  but  it  does 
appear  to  hold  for  dimension  ratios  of  practical  importance.  As 
shown  in  Fig.  5,  a  line  drawn  through  the  origin  and  tangent  to  the 
dotted  curve  of  that  figure  has  its  pomt  of  tangency  at  values  of 
Brem/Br  aud  L^HdD^Br  of  approximately  0.65  and  1.25  respectively. 
It  will  be  shown  later  that  this  is  the  point  of  maximum  efficiency, 
i.e.,  the  point  at  which  are  obtained  the  highest  values  of  Brem  or 
external  magnetic  energy  per  unit  volume  of  steel. 

It  follows,  if  this  is  true,  that  magnets  should  be  designed  so  that 
L^HelD^Br  =  1.25,  and  with  this  as  a  basis,  the  nomogram  of  Fig.  7 
was  laid  out.  The  use  of  this  chart  to  design  a  magnet  for  maximum 
efficiency,  is  illustrated  by  the  dotted  lines  of  the  figure.  In  the  case 
shown  a  total  flux  in  the  magnet  of  3,000  maxwells  is  desired,  and  a 
steel  with  a  Br  of  10,000  gauss  and  a  coercive  force  of  54  oersteds  is 
assumed.  The  correct  values  of  A  and  L  are  found  to  be  0.461 
cm. 2  and  13  cm.,  respectively,  and  the  dimension  ratio  is  17. 

It  should  be  borne  in  mind  throughout  this  discussion  that  Figs.  4, 
5,  6  and  7  apply  directly  only  to  straight  bar  magnets.  Formed 
magnets  with  short  air-gaps  with  or  without  pole  pieces,  will  have 
higher  remanence  values  than  are  shown  by  the  curve  of  Fig.  6.     This 
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is  because,  compared  with  straight  magnets,  their  effective  lengths 
are  greater  than  their  actual  lengths.  The  difference  between  effective 
and  actual  lengths  is  negligible,  however,  except  for  magnets  whose 
poles  are  brought  quite  close  together,  either  actually  or  by  means 
of  pole  pieces  of  soft  iron.  Watt-hour  meter  damping  magnets  are 
good  examples  of  magnets  whose  poles  are  brought  thus  closely  to- 
gether without  the  aid  of  pole  pieces. 

On  the  other  hand,  the  general  conclusions  drawn  from  the  curve  of 
Fig.  6  are  applicable  to  magnets  of  any  shape  if  L  is  assumed  to  stand 
for  the  effective  length  of  the  magnet.  Fig.  7  also  is  perfectly  general 
on  the  same  basis.  By  effective  length  is  meant  the  length  of  a  straight 
bar  magnet  of  equal  cross-section  and  magnetic  properties,  having  the 
same  remanance  as  the  given  magnet. 

Correlation  Between  Straight  and  Bent  Magnets 

Subsequent  to  the  establishment  of  the  relationships  shown  in  Fig. 
6,  a  limited  amount  of  data  were  secured  which  have  a  bearing  upon 
the  effect  on  Brem  of  departure  from  the  form  of  a  straight  bar  magnet. 

To  get  these  data,  one  H  by  l^i  in.  rod  each  of  cobalt  steel  and 
tungsten  steel  were  formed  into  rings  of  2-in.  inside  diameter,  with 
the  ends  touching.  Companion  test  bars  were  cut  adjacent  to  each 
end  of  the  rods  used  in  forming  the  rings.  All  three  pieces  of  each 
kind  of  steel  received  as  nearly  identical  heat  treatments  as  possible, 
even  to  heating  and  cooling  the  straight  test  bars  at  the  time  of  forming 
the  rings.  After  hardening,  demagnetization  curves  were  obtained  on 
each  of  the  two  test  bars  of  tungsten  steel  and  of  cobalt  steel.  Then 
data  for  Brem  vs.  length  curves  were  obtained  from  both  the  test  bars 
and  rings  by  the  process  of  cutting  off  the  ends  and  remeasuring  Brem 
already  described. 

The  demagnetization  curves  and  the  Brem  vs.  length  curves,  for  the 
two  straight  cobalt  steel  bars  are  practically  identical.  Inasmuch  as 
these  bars  were  cut  adjacent  to  the  ends  of  the  bar  from  which  the  ring 
was  formed,  and  heat  treated  with  it,  it  is  safe  to  assume  that  the 
material  in  all  three  samples  is  alike  magnetically,  and  that  the  demag- 
netization curve  for  the  ring  is  the  same  as  for  the  straight  bars.  The 
same  conclusions  hold  for  the  tungsten  steel,  as  shown  in  Fig.  9. 

It  follows  then  that  it  is  valid  to  compare  the  Brem  vs.  length  curves 
for  the  straight  bars  with  those  for  the  rings,  and  conclude  that  all 
differences  in  the  curves  are  due  to  differences  in  shape.  It  is  in- 
teresting to  note  that  the  ring  for  cobalt  steel  yields  the  same  curve 
for  Brem  VS.  length  as  the  straight  bar,  but  that,  in  the  case  of  the 
tungsten  steel,  the  proximity  of  the  ends  of  the  ring  has  an  appreciable 
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Fig.  8 — Comparison  of  Brem  vs.  length  curves  for  straight  bar  and  2-in.  I.D.  ring 
of   J^-in.  X  M-in.  cobalt  steel  in  which  Br  =  9,980  gauss  and  He  =  230  oersteds. 

effect  on  the  value  of  Bre,n,  causing  the  curve  for  Bre,n  vs.  length  to 
turn  upwards  for  those  lengths  corresponding  to  short  air  gaps. 

Additional  data  along  these  lines  would  be  very  useful,  and  should 
include  measurements  on  magnets  with  pole  structures  having  well 
defined  air  gaps. 


10,000 

9000 

8000 

7000 
<n 

<n 

in  6000 

< 

o 

5  000 

CQ 

4  000 

3000 

2000 

1000 
0 

/ 

/ 

r 

/ 

1 

1 

100      80        60       40       20 
H   IN   OERSTEDS 


• 

-^ 

/ 

y 

r 

/ 

/ 

/ 

/ 

POINTS   DETERMINED 
BY  TESTS  ON  RING 

CURVE-AVERAGE  OF  TESTS 
ON   STRAIGHT  BARS 

/ 

/ 

/ 

1 
1 

/ 

TUNGSTEN   STEEL 

/ 

y 

/ 

23456789  10 

DEVELOPED  LENGTH  OF   SPECIMEN   IN  INCHES 


Fig.  9 — Comparison  of  Brem  vs.  length  curves  for  straight  bar  and  2-in.  I.D.  ring 
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Criteria  of  Magnetic  Quality  of  Permanent  Magnet  Steels 

A  number  of  quantities  determinable  by  magnetic  measurement 
have  been  proposed  at  various  times  by  different  investigators  for  use 
as  criteria  of  magnetic  quality  of  magnet  steels.  Among  these  quanti- 
ties may  be  listed  (BII)max''^\  the  maximum  product  of  the  coordinates 
of  the  demagnetization  curve;  and  the  quantities  BrIIc^^\  Br/Bmax, 
BrIIc/Bmax  aud  Br/IIc'-^^.  High  values  of  all  of  the  proposed  criteria 
except  the  last  were  considered  desirable. 

The  form  BrjUc  has  decided  disadvantages,  since  a  low  value  of  the 
criterion  is  obtained  when  Br  is  small  as  well  as  when  lie  is  large,  and 
low  values  of  Br  are  distinctly  undesirable  in  view  of  the  fact  that 
Brem  is  dircctly  proportional  to  Br.  The  ratio  BrjBmax  was  found  to  be 
practically  constant  for  some  types  of  steel,  regardless  of  the  value  of 
He,  and  thus  was  of  no  value  as  a  criterion.  The  quantity  Br  Hc/Bmax 
would  accordingly  amount  to  a  constant  times  He  and  would  give  no 
actual  weight  to  the  value  of  Br.  These  three  criteria  would  therefore 
fail  either  to  indicate  a  choice  between  different  types  of  magnet  steel 
or  to  aid  in  the  selection  of  an  optimum  heat  treatment  for  a  given 
kind  of  steel. 

This  leaves  the  quantities  {BII)max  and  Br  He  as  the  only  ones  not 
obviously  faulty.  The  first  was  proposed  by  S.  Evershed  in  a  note- 
worthy paper  in  the  Journal  of  the  Institution  of  Electrical  Engineers 
for  September  1920,  in  which  he  showed  that  the  quantity  {BH)max  is  a 
measure  of  the  maximum  amount  of  external  magnetic  energy  which 
can  be  supported  per  unit  volume  of  a  given  magnet  steel,  and  that 
this  in  turn  defines  the  term  "magnetic  quality"  as  applied  to  magnet 
steel. 

Evershed's  derivation  of  his  criterion  of  magnetic  quality,  given  in 
the  article  noted  above,  is  complete  and  convincing,  but  it  was  thought 
desirable  to  obtain  experimental  verification.  The  data  from  the 
bars  of  Fig.  4  were  used  to  this  end.  In  Fig.  10  are  shown  a  number  of 
curves  each  corresponding  to  a  different  type  of  magnet  steel.  The 
demagnetization  curves  for  the  bars  are  shown  plotted  in  the  usual 
way,  and  to  the  right  of  these  are  plotted  the  curves  of  {BH)  vs.  B. 
To  the  right  of  these  are  plotted  further  the  experimentally  determined 
curves  of  Brem  vs.  length  for  the  bars  in  question. 

Fig.  10  shows  that  if  tangents  to  the  curves  of  Brem  vs.  length  are 
drawn  through  the  origin  the  point  of  tangency  in  each  case  indicates 
the  value  of  Brem  and  length  at  which  the  ratio  of  Brem  per  unit  length  or 
volume  of  steel  is  a  maximum,  and  it  is  clearly  demonstrated  that  in 
each  case  these  values  of  Brem  coincide  closely  with  the  values  of  B  for 
which  the  product  {BH)  is  a  maximum.     The  writer  feels  that  this 
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constitutes  a  sufficiently  convincing  verification  of  the  correctness  of 
Evershed's  criterion. 

The  chief  objection  to  the  use  of  Evershed's  criterion  is  that  a 
number  of  points  on  the  demagnetization  curve  for  a  piece  of  magnet 
steel  must  be  known  before  the  numerical  value  of  the  product  {BH)max 
can  be  determined.     The  quantity  Br  He  is  more  easily  obtained  than 
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Fig.  10 — -Curves  showing  experimental  verification  of  validity  of  Evershed's  criterion 
for  magnetic  quality  of  permanent  magnet  steels. 

{BH)max  but  its  validity  as  a  criterion  cannot  be  established  ij:om 
theoretical  considerations.  Accordingly,  the  values  of  {BH)max  and 
Br  He  were  determined  by  actual  measurement  for  a  large  number 
of  bars  of  different  kinds  of  magnet  steel.  In  Fig.  11  are  shown 
the  values  of  Br  He  plotted  against  the  corresponding  values  of  {BH)max- 
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It  is  felt  that  these  pouits  lie  closely  enough  along  the  straight  line  in 
that  figure  to  warrant  the  use  of  Br  lie  as  a  criterion  of  magnetic 
quality  of  magnet  steel  for  all  practical  purposes.  In  cases  where 
very  accurate  comparisons  are  required,  it  may  be  necessary  to  go  to 
the  greater  trouble  of  determining  {BII)max- 
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Fig.  11 — Relation  between  the  quantity  Br  X  Tic  and  Evershed's  criterion,  {BH)max- 

Referring  to  a  previous  mention  of  optimum  hardening  temperatures, 
it  will  be  understandable  now  to  state  that  the  optimum  hardening 
temperature  for  a  given  type  of  steel  is  that  temperature  at  which  a 
maximum  value  of  (BH)max  is  obtained,  or  practically  speaking,  a 
maximum  value  of  Br  He. 
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Fit  of  Demagnetization  Curve  by  Hyperbola 
It  will  be  noted  that  the  points  on  the  demagnetization  curves  for 
which  the  product  {BII)  is  a  maximum  are  given  quite  accurately 
in  each  case  by  the  intersection  of  the  demagnetization  curve  with  a 
line  through  the  origin  having  the  slope  Br/Hc.  That  this  should  be  so 
follows  from  the  fact  that  any  demagnetization  curve  for  magnet  steel 
may  be  closely  approximated  by  a  rectangular  hyperbola  whose  equa- 
tion IS  B  =  a  —  kJ(II  -f  b)  in  which  a,  b,  and  k  are  parameters  of  each 
particular  curve.  It  is  a  mathematical  property  of  the  foregoing 
rectangular  hyperbola  that  the  coordinates  whose  product  is  a  maxi- 
mum are  located  by  a  line  through  the  origin  having  a  slope  equal  to 
the  ratio  of  the  intercepts  of  the  hyperbola.     This  property  of  the 
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Fig.  12 — -Curves  showing  approximation  of  actual  demagnetization  curves  by  points 
on  the  general  hyperbola,  B  =  a  —  kl{II  +  b). 

hyperbola  is  a  property  of  the  demagnetization  curves  for  magnet  steel 
in  so  far  as  these  curves  can  be  closely  fitted  by  appropriate  hyperbolas. 
That  the  fit  is  quite  good  in  all  cases  is  shown  by  Fig.  12  in  which 
hyperbolas  calculated  for  each  demagnetization  curve  are  shown  by 
dots  and  the  observed  points  by  a  full  line.  The  graphical  method 
of  Fig.  10  for  determining  the  point  on  each  demagnetization  curve  the 
product  of  whose  coordinates  is  a  maximum  is  more  accurate  than 
the  method  of  plotting  the  curve  of  (BH)  vs.  B,  because  the  latter 
curve  is  usually  quite  flat-topped  and  its  maximum  is  hard  to  locate 
exactly.  The  fact  that  the  curve  is  flat-topped  explains  why  many 
methods  of  magnet  design  give  good  results.  It  is  because  about 
equal  efficiencies  are  obtained  in  any  case  over  a  fairly  wide  range  of 

values  of  Brem- 
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A  further  application  of  the  idea  that  the  demagnetization  curve 
can  be  represented  by  a  hyperbola  is  made  by  Mr.  E.  A.  Watson.* 
Watson  applies  a  graphical  construction  for  a  hyperbola  to  the  demag- 
netization curve  and  extends  the  construction  into  the  region  of  positive 
values  of  //,  thus  providing  a  means  of  extrapolating  the  hysteresis 
loop  to  the  saturation  value  of  B.  It  has  been  the  writer's  experience 
that  Watson's  graphical  construction  cannot  be  legitimately  extended 
into  the  first  quadrant  because  the  curve  thus  predetermined  almost 
always  lies  considerably  under  the  true  curve,  and  yields  too  low  a  value 
for  the  saturation  flux  density.     Fig.  13  illustrates  the  case  in  point. 
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Fig.  13 — Comparison  of  graphical  construction  of  the  descending  portion  of  the 
hysteresis  loop  with  actual  measured  data.  Note  the  lack  of  agreement  for  positive 
values  of  //. 


If,  instead  of  potting  B  vs.  II  for  the  points  of  the  demagnetization 
curve,  we  plot  B/Br  vs.  H/IIc,  it  is  found  that  all  test  specimens  yield 
points  fitting  fairly  well  the  single  curve  represented  by  the  equation 
y  =  A{x  -{-  l)/(x  +  A),  in  which  y  =  B/Br,  x  =  H/Hc  and  A  =  ^l2 
approximately.  It  is  possible  to  derive  from  this  equation  the  rela- 
tionship that  {BII)max  =  0.423  Br  He  which  checks  very  well  with  the 
line  drawn  In  Fig.  11.  It  can  also  be  seen  from  the  equation  y  = 
A{x -\-  \)l{x -\- A)  that  the  representation  of  the  demagnetization 
curve  by  a  hyperbola  cannot  be   extrapolated   to  give   the  correct 
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value  for  Bs  since  for  values  of  II  approaching  infinity,  the  equation 
yields  the  result  that  y  =  BJBr  ^  A  =  ^J2  whence  Bs  =  V2  Br,  while 
values  of  B  in  excess  of  V2  Br  are  commonly  encountered  at  ordinary 
values  of  //. 

Characteristic  Curves  for  Magnet  Steel 
In  Fig.  14  are  shown  demagnetization  curves  and  (BII)  curves  for 
the  various  types  of  magnet  steel  with  which  the  writer  has  had  ex- 
perience.    It  should  be  remembered  that  while  these  curves  are  more 

11,000 
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Fig.  14 — Typical  demagnetization  curves  and  curves  of  BH  vs.  B  for  various  kinds  of 

magnet  steel. 

or  less  typical  of  the  steels  in  question,  there  is  no  one  curve  which 
can  be  given  as  the  curve  for  the  material.  There  will  be  as  many 
curves  as  there  are  samples  tested,  because  magnetic  characteristics 
of  a  piece  of  magnet  steel,  or  any  other  magnetic  material  depend  upon 
the  whole  previous  thermal  history  of  the  sample  from  the  time  of 
melting  to  the  time  of  testing,  the  amount  of  hot  and  cold  working 
the  sample  has  received,  and  the  conditions  of  stress  in  the  material 
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at  the  time  of  testing.  The'relation  of  all  of  these  variables  to  the  rema- 
nence  of  a  permanent  magnet,  fortunately,  is  focussed,  as  it  were, 
in  the  values  of  Br  and  Ho  for  the  material,  and  the  relation  of  these 
variables  to  Brem  is  as  shown  by  Fig.  6. 
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A  Method  of  Measuring  Acoustic  Impedance  * 

By  P.  B.  FLANDERS 

An  apparatus  is  described  whereby  acoustic  impedances  may  be  measured 
in  terms  of  a  known  acoustic  impedance  and  the  complex  ratios  of  two  elec- 
trical potentiometer  readings  to  a  third.  As  a  known  impedance,  there  is 
chosen  the  reactance  of  a  closed  tube  of  uniform  bore  which  is  an  eighth 
wave-length  long.  The  electrical  readings  are  obtained  by  balancing  the 
amplified  output  of  a  condenser  transmitter  against  the  electrical  input  of 
the  source  of  sound.  The  condenser  transmitter  picks  up  the  acoustic 
pressure  at  the  junction  of  the  sound-source  and  the  attached  impedance. 
A  balance  is  made  for  each  of  three  successively  attached  impedances:  (1) 
a  closed  tube  an  eighth  wave-length  long,  (2)  a  rigid  closure  of  the  sound- 
source,  and  (3)  the  impedance  to  be  measured.  The  unknown  acoustic  im- 
pedance Z  is  then  calculated  in  terms  of  the  known  acoustic  impedance  Zo 

by  means  of  the  equation  Z  =  Zo ,  where  3i,  Z2  and  23  are,  respectively, 

23—22 

the  three  electrical  impedance  settings  of  the  potentiometer.  As  indicated 
by  this  equation,  the  constants  of  the  electrical  circuit  are  involved  only  as 
ratios,  so  that  the  response  characteristics  of  the  source  of  the  sound,  con- 
denser transmitter  and  amplifiers  (provided  they  are  invariable)  do  not  afifect 
the  measurement. 

Illustrations  are  given  of  impedance  measurements  on  a  closed  tube  of 
uniform  bore,  a  conical  horn,  an  exponential  horn,  an  "  infinite  "  tube,  and  a 
hole  in  an  "  infinite  "  wall. 

THE  progress  in  acoustics  during  the  past  few  years  has  caused 
acoustic  impedance  measurement  to  have  the  same  relative 
importance  that  impedance  measurement  in  electrical  work  has  had 
for  many  years.  The  concept  of  acoustic  impedance  is  derived  from 
the  analogy  ^  that  exists  between  electrical  and  acoustic  devices,  as 
shown  by  the  analogous  differential  equations  describing  their  action. 
Acoustic  impedance  is  usually  defined  as  the  complex  ratio  of  pressure 
to  volume  velocity  (or  flux)  but  it  is  sometimes  more  convenient  to 
deal  with  ratios  of  pressure  to  linear  velocity  or  force  to  linear  velocity. 
The  magnitudes  of  these  are  interrelated,  of  course,  by  powers  of  the 
area  involved. 

The  earliest  efforts  to  measure  acoustic  impedance  seem  to  have  been 
made  by  Kennelly  and  Kurokawa.^  In  their  method,  electrical 
measurements  were  made  of  the  motional  impedance  of  a  telephone 
receiver,  with  and  without  an  attached  acoustic  impedance.  Except 
for  frequencies  near  resonance,  the  method  was  inaccurate  because 
the  acoustic  impedance  was  associated  with  a  relatively  large  mechani- 
cal impedance. 

*  Presented  before  Acous.  Soc.  Amer.,  New  York  City,  May  3,  1932. 

1  This  analogy  was  first  pointed  out  by  A.  G.  Webster  in  Nat.  Acad,  of  Science,  5, 
275  (1919). 

2  Proc.  Am.  Ac.  Arts  and  Sc,  56,  1  (1921). 
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Later,  a  direct  method  was  described  Ijy  Stewart  ^  who  measured 
the  change  in  acoustic  transmission  through  a  long  uniform  tube  when 
the  unknown  impedance  was  inserted  as  a  branch. 

The  apparatus  to  be  described  in  this  paper  measures  acoustic 
impedance  directly  in  terms  of  a  known  acoustic  impedance  and  three 
balance  readings  of  an  electrical  potentiometer.  The  only  assumptions 
involved  in  the  method  are  that  the  elements  of  the  apparatus  be 
invariable  during  a  measurement,  and  that  the  value  of  the  comparison 
acoustic  impedance  be  known  accurately. 

Apparatus 
Fig.  1  shows  the  general  arrangement  of  the  apparatus.     An  oscil- 
lator feeds  electrical  energy  into  a  loud  speaker  where  a  portion  is 
converted  into  acoustic  energy  which  travels  along  the  tube  and  into  an 


OSCILLATOR 


(3) 


(2) 


(1) 


HEAD  PHONES 

Fig.  1 — Schematic  circuit  of  acoustic  impedance  measuring  apparatus. 

attached  impedance.  A  canal  about  0.06  inches  in  diameter  picks  up 
the  sound  pressure  at  the  junction  of  the  tube  and  the  attached  im- 
pedance, and  passes  it  along  to  a  small  condenser  transmitter.  A 
corresponding  voltage,  generated  by  the  transmitter,  is  amplified  and 
the  current  output  of  the  amplifier  passed  through  a  variable  resistance 
in  series  with  the  primary  of  a  variable  mutual  inductance. 

The  same  oscillator  also  feeds  energy  through  a  second  amplifier  at 
the  output  of  which  the  voltage  is  balanced  (by  the  null  method) 
against  the  voltage  drop  across  the  variable  resistance  and  the  second- 
ary of  the  mutual  inductance. 

^Phys.  Rev.,  28,  1038  (1926). 
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At  the  end  of  the  tube  from  the  loud  speaker  are  three  different 
impedances.  One  is  the  reactance  offered  by  a  closed  tube  of  uniform 
bore.  The  closure  is  formed  by  a  well-fitting  plunger  whose  position 
in  the  tube  may  be  adjusted.  The  second  is  the  infinite  impedance 
offered  by  a  rigid  wall  closing  the  end  of  the  tube  from  the  loud  speaker. 
The  third  is  the  impedance  to  be  measured.  All  three  impedance 
elements  are  fixed  in  position.  The  loud  speaker,  tube,  condenser 
transmitter  and  associated  amplifiers  are,  however,  mounted  together 
on  a  carriage  which  can  be  rotated  so  as  to  bring  any  one  of  these 
impedances  into  alignment  with  the  tube.  For  brevity,  reference  to 
these  three  positions  will  hereinafter  be  to  positions  1,  2,  and  3. 

For  any  one  frequency  a  balance  is  obtained  for  each  of  the  three 
positions.  These  three  electrical  readings  and  the  reactance  value  of 
the  closed  tube  are  sufficient  to  determine  the  impedance  being 
measured. 

A  photograph  of  the  apparatus  is  shown  in  Fig.  2. 


Fig.  2 — View  of  acoustic  impedance  equipment,  showing  loud  speaker,  tubes,  con- 
denser transmitter  amplifiers  and  small  horn  in  position  for  measurement. 

Theory 

Thevenin's  theorem  ^  states  that,  in  an  invariable  electrical  network, 

the  current  in  any  branch  is  equal  to  the  current  that  would  flow  in  a 

simple  series  circuit  composed  of  an  electromotive  force  and  two 

impedances.     The   electromotive    force    is    the    voltage    that   would 

obtain  at  the  branch  terminals  on  open  circuit.     The  impedances  are 

the  impedance  at  the  terminals  looking  back  into  the  source  of  power, 

and  the  impedance  of  the  branch. 

^  K.  S.  Johnson's  "Transmission  Circuits  for  Telephone  Communication,"  Ch 
VIll. 
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Since  the  differential  equations  of  acoustics  are  analogous  to  those 
of  electrical  lines  and  networks,  the  theorem  may  be  applied  to  the 
action  of  this  apparatus  with  a  considerable  saving  in  labor.* 

By  Thevenin's  theorem  then,  the  tube,  loud  speaker,  oscillator,  etc. 
may  be  replaced  by  one  pressure  and  one  impedance.  The  pressure  is 
the  "open-circuit"  pressure  at  the  end  of  the  tube,  or  in  other  words 
the  pressure  that  would  be  exerted  on  a  rigid  wall  if  placed  there. 
The  impedance  is  the  complex  ratio  of  pressure  to  velocity  at  the  end 
of  the  tube  which  would  exist  if  acoustic  energy  were  sent  into  it  toward 
the  loud  speaker,  the  oscillator  being  shut  off-.  In  electrical  terms,  this 
would  be  called  the  impedance  looking  into  the  source.  The  velocity 
or  acoustic  current  that  flows  into  an  impedance  attached  to  the  end  is 
then  the  current  that  would  flow  in  an  analogous  circuit  composed  of 
this  vibromotive  force  or  pressure  and  the  two  impedances  in  series. 
This  impedance  diagram  is  given  in  Fig.  3. 


Fig.  3 — -Impedance  diagram  for  Thevenin's  theorem. 

E  is  the  open-circuit  voltage  or  pressure,  T  the  impedance  looking 
into  the  source  of  sound  at  the  junction,  and  Z  the  attached  impedance. 
The  pressure  e  at  the  junction  of  T  and  Z  is,  of  course,  the  velocity- 

current  ^  in  the  loop,  multiplied  by  Z.     The  three  equations  for 

three  values  of  attached  impedance  are 


Z  —  Zo, 

Z   =     QO, 

Z  =  Z, 


ei  = 


EZ, 


T  +  Z,' 

62  =   E, 

EZ 

ez  = 


T  +  Z 

The  two  unknown  quantities,  E  and  T,  can  be  eliminated  giving  one 
equation 


Z_ 

Zo 


62 

ei 


-  1 


£2 


-  1 


*  A  more  direct  proof  of  Thevenin's  theorem  as  applied  to  acoustics  is  given  by 
W.  P.  Mason  in  5.  5.  r. /.,  6,  291  (1927). 


406  BELL   SYSTEM   TECHNICAL   JOURNAL 

whereby  Z  may  be  calculated  in  terms  of  Zo  and  two  ratios  of  pressures 
at  the  junction. 

Referring  now  to  Fig.  1  it  will  be  seen  that  the  current  through  the 
resistance  and  mutual  primary  is  proportional  to  the  pressure  at  the 
junction.  The  drop  in  voltage  across  the  secondary  and  the  resistance 
is  equal  in  magnitude  and  opposite  in  phase  to  a  voltage  proportional 
to  E,  when  no  current  passes  through  the  head-phones.  If  k  signifies 
the  circuit  constant  and  if  2  be  the  impedance  value  of  the  resistance 
and  the  mutual  inductance,  then  ez  =  kE;  and  the  above  equation 
becomes 

-^-  1 
Z  _  z-i  _  Zi  —  Z2  _  (ri  —  r^)  +  jco(nii  —  mz) 

Zq      23  _  23  -  S2       (rs  —  Yi)  +jco{m3  —  mi)  ' 

22 

where  r  is  the  resistance  component  of  2  and  in  is  the  mutual  inductance. 

The  reactance  of  a  closed  tube  of  uniform  bore  whose  length  is  one- 
eighth  the  wave  length  of  sound  for  the  measuring  frequency  is  chosen 
as  the  known  impedance.  If  dissipation  in  the  tube  be  neglected,  the 
impedance  is  readily  calculated  ^  to  be  a  pure  negative  reactance  of  41 
mechanical  ohms  per  square  centimeter  ^  at  a  temperature  of  20°  C. 
This  value  is  chosen  because  it  is  of  the  same  order  of  magnitude  as 
most  acoustic  impedances.  By  mechanical  ohms  per  square  centi- 
meter is  meant  the  complex  ratio  of  pressure  to  the  linear  velocity  of  the 
air.  The  justification  for  assuming  negligible  dissipation  will  be  ap- 
parent when  measurements  made  on  a  closed  tube,  several  wave- 
lengths long,  are  described. 

In  making  measurements,  the  three  impedance  values  necessary  for 
balance  are  read  for  the  three  impedance  conditions  in  the  2-1-3  or 
2-3-1  order.  Afterwards,  as  a  check  to  ensure  that  the  circuit  constant 
has  not  changed  during  the  measurement,  condition  2  is  measured 
again.  This  series  of  four  measurements  is  repeated  for  each  fre- 
quency. 

Application 

Fig.  4  shows  the  results  of  measuring  the  reactance  of  a  closed  tube. 
The  tube  was  2.4  inches  long  and  0.7  inch  in  diameter.  The  com- 
parison impedance  was  the  calculated  reactance  of  this  same  tube  in 
the  one-eighth  wave-length  condition,  assuming  no  dissipation.  The 
impedance  was  also  calculated,^  taking  into  account  viscosity  and 

^See  I.  B.  Crandall's  "Theory  of  Vibrating  Systems  and  Sound,"  p.  104. 
'  See  definitions  8007  and  8011  in  "Standardization  Report  of  I.  R.  E."  in  "Year 
Book  of  I.  R.  E.,"  1931. 

*  See  Rayleigh,  "Theory  of  Sound,"  Vol.  II,  pp   318  and  325. 
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losses  through  heat  conduction,  for  frequencies  near  the  half  wa\e- 
length  anti-resonance,  where  tlissipative  effects  are  most  pronounced. 
It  will  be  seen  from  Fig.  5  that  there  is  a  close  agreement  between  the 
theoretical  curve  and  the  measured  points.  It  seems  reasonable, 
therefore,  to  assume  that  the  value  chosen  for  the  comparison  im- 
pedance is  quite  accurate. 

Fig.  6  shows  the  impedance  of  a  conical  horn  and  F"ig.  7  that  of  an 
exponential  horn.  In  both  cases,  the  mouth  of  the  horn  projected 
through  a  window  into  open  air,  so  as  to  minimize  reflection  effects 
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Fig.  4 — Acoustic  reactance  of  closed  cylindrical  tube,  2.4  inches  long  and  0.7  inch 

in  diameter. 


from  external  objects.  Reflection  effects  from  the  mouth,  where  there 
is  a  change  in  impedance,  are  present,  however,  and  these  appear  as 
oscillations  of  the  impedance  about  a  mean  which  is  the  characteristic 
impedance  of  the  horn.  By  characteristic  impedance  is  meant  the 
impedance  that  would  obtain  looking  into  the  throat  of  the  horn  were  it 
infinite  in  length. 

Fig.  8  is  the  impedance  of  an  "infinite "  tube.  The  tube  was  actually 
112  feet  long  and  coiled  into  a  helix.  At  low  frequencies,  where  the 
dissipative  losses  are  small,  reflection  effects  from  the  open  end  are 
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observed  as  oscillations  of  the  impedance  at  about  5-cycle  intervals. 
An  examination  of  the  measurements  in  this  oscillatory  region  (Fig.  9) 
will  make  evident  the  precision  of  the  apparatus. 

Fig.  10  shows  the  radiation  impedance  of  a  hole,  0.7  inch  in  diameter 
and  surrounded  by  a  flange  which  appro.ximates  an  infinite  wall  for 
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Fig.  7 — Acoustic  impedance  of  6  foot  e.xponential  horn,  having  end  diameters  of 
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Fig.  8 — Acoustic  impedance  of  112  foot  open  tube,  0.7  inch  in  diameter,  coiled  into 
helix.     Measuring  frequencies  chosen  at  random. 
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Fig.  10 — -Acoustic  radiation  impedance  of  hole,  0.7  inch  in  diameter,  in  flange  having 

diameter  of  6  inches. 


the  frequencies  of  interest.     The  dotted  lines  are  the  resistance  and 
reactance  as  calculated  by  the  equations  of  Rayleigh.^ 
9  "Theory  of  Sound,"  Vol.  II,  p.  164. 


Transmission  Lines  for  Short- Wave  Radio  Systems  * 

By  E.   J.  STERBA  AND  C.  B.  FELDMAN 

The  requirements  imposed  on  transmission  lines  by  short-wave  radio 
systems  are  discussed,  and  the  difference  in  the  requirements  for  transmitting 
and  receiving  purposes  is  emphasized.  Various  line  types  are  discussed, 
particular  attention  being  given  to  concentric  tube  lines  and  balanced  two- 
wire  lines.  The  concentric  tube  line  is  particularly  valuable  in  receiving 
stations  where  great  directional  discrimination  is  involved  and  low  noise  and 
static  pick-up  is  required. 

Excellent  agreement  between  calculations  and  measurements  is  found  for 
the  high-frequency  resistance  of  concentric  lines,  using  the  asymptotic  skin 
elTect  formula  of  Russell.  Other  losses  in  correctly  designed  concentric 
tube  lines  are  found  to  be  negligible.  Measured  losses  in  two-wire  lines  are 
found  to  be  greater  than  losses  predicted  by  the  asymptotic  skin  effect 
formula  owing,  in  part,  to  losses  brought  about  by  unbalanced  currents. 

Practical  aspects  of  line  construction  such  as  joints,  insulation,  and 
pro\ision  for  expansion  with  increasing  temperature  are  discussed. 

Some  difficulties  encountered  in  transmission  line  practice,  such  as  losses 
due  to  radiation,  reflections  from  irregularities,  effects  of  weather,  and 
spurious  couplings  between  antenna  and  line  are  discussed. 

I.  General  Requirements 

THE  transmission  line  systems  employed  for  the  purpose  of  trans- 
ferring energy  between  radio  units  and  antennas  are  funda- 
mentally no  different  from  line  systems  used  in  power  or  telephone 
work.  Owing,  however,  to  the  high  frequencies  employed  in  radio 
transmission  an  operating  technique  differing  from  that  found  econom- 
ical in  low-frequency  practice  is  necessary.  An  important  considera- 
tion in  60-cycle  power  practice  is  that  the  voltage  at  the  far  end  of  the 
line  be  maintained  constant  irrespective  of  load  variations.  At  radio 
frequencies  a  transmission  line  may  be  many  wave-lengths  long  and 
the  reflections  from  a  load  other  than  one  equal  to  the  characteristic 
impedance  of  the  line  produce  standing  waves.  Transmission  losses  in 
radio-frequency  lines  are  appreciably  augmented  when  the  currents 
and  voltages  on  the  line  appear  in  the  form  of  standing  waves.  The 
operation  of  the  radio  unit  connected  to  the  line  is  sometimes  affected 
by  the  presence  of  standing  waves. 

Induction  and  cross-talk  problems  familiar  to  every  telephone 
engineer  are  increasingly  important  as  line  operation  approaches  radio 
frequencies.  Owing  to  the  high  sensitivity  of  radio  receiving  equip- 
ment as  compared  with  that  of  telephone  equipment  the  difficulties 

*  Presented  at  I.  R.  E.  Convention  Pittsburgh,  Pa.,  April  7-9,  1932.  Published 
in  Proc.  I.  R.  E.,  July,  1932. 

411 


412  BELL  SYSTEM    TECHNICAL  JOURNAL 

arising  from  static  and  noise  pick-up  are  more  marked  at  radio  fre- 
quencies. Spurious  radiations  from  lines  operated  at  radio  frequencies 
may  completely  destroy  the  directional  characteristics  of  an  antenna 
and  in  addition  may  cause  interference  to  other  radio  stations.  Under 
certain  conditions  the  spurious  power  radiated  by  a  transmission  line 
may  be  an  appreciable  fraction  of  that  radiated  by  the  antenna  con- 
nected to  the  line. 

It  follows  that  although  the  primary  purpose  of  a  transmission  line 
in  a  radio  station  is  to  provide  a  means  for  transferring  energy  between 
an  antenna  and  the  radio  unit,  a  consideration  of  great  importance  is 
the  degree  of  isolation  from  its  associated  antenna,  from  other  antennas 
and  lines,  and  from  extraneous  sources  of  signals.  This  is  particularly 
true  in  receiving  stations  where  discrimination  against  undesired  sig- 
nals is  oftentimes  of  greater  importance  than  the  over-all  sensitivity 
to  the  desired  signal.  Extraneous  pick-up  on  a  line  to  the  receiving 
unit  may  not  only  destroy  the  directional  pattern  of  the  antenna  but 
it  may  also  introduce  a  noise  level  into  the  receiver  output  comparable 
to  the  desired  signal  and  so  destroy  the  utility  of  the  apparatus.  As 
compared  with  transmitters,  receivers  are  generally  small  units.  It  is 
economical  to  house  several  units  in  one  building.  The  lines  not  only 
to  one  receiver  but  those  to  other  receivers  must  of  necessity  be  in 
close  proximity.  Thus  the  possibilities  for  cross-talk  with  ensuing 
increase  in  noise  levels,  loss  of  circuit  gain,  and  loss  of  discrimination 
are  greatly  augmented. 

Of  course,  cross-talk  possibilities  between  lines  of  adjacent  trans- 
mitters cannot  be  ignored.  Transmitters,  however,  usually  occupy 
sufficient  space  so  that  a  desirable  degree  of  line  separation  is  obtained. 
With  the  exception  of  local  lightning  storms  static  pick-up  is  of  no 
great  importance.  High  voltage  surges  due  to  lightning  may  be 
drained  by  means  of  properly  placed  horn  gaps  and  grounds. 

Insulation  for  high  voltages  at  radio  frequencies  is  an  important 
consideration  for  the  case  of  lines  connected  to  transmitters.  Insu- 
lators for  balanced  open-wire  construction  may  be  selected  from  mate- 
rials designed  for  high  voltage  power  transmission.  However,  insu- 
lators for  concentric  tube  lines  capable  of  transmitting  several  kilowatts 
of  modulated  radio-frequency  power  require  special  consideration. 

The  lines  commonly  employed  in  radio  stations  may  be  divided  into 
four  classes:  single-wire  lines,  balanced  open-wire  lines,  multiple-wire 
lines,  and  concentric-tube  lines. 

Single-wire  lines  are  of  limited  utility  owing  to  the  low  efficiencies 
arising  from  the  marked  radiation  characteristics  of  such  wires.  The 
power  radiated  by  a  smgle-wire  line  several  wave-lengths  long  may  be 
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equal  to  that  radiated  by  the  antenna  to  which  it  is  connected.'  In 
fact,  single-wire  lines,  particularly  when  terminated,  are  for  certain 
services  desirable  radiating  elements.  Diamond-shaped  arrays  of  such 
elements  are  employed  in  some  of  the  radio  facilities  of  the  Bell 
System. 2 

It  is  generally  appreciated  that  the  power  losses  due  to  radiation 
may  be  reduced  by  employing  two  conductors  in  a  go-and-return  cir- 
cuit, the  wires  being  separated  a  small  fraction  of  a  wave-length.  A 
necessary  requirement  is  that  the  two  wires  carry  equal  currents  ex- 
actly opposite  in  phase.  Otherwise,  there  will  appear  current  com- 
ponents which  employ  the  two  conductors  in  parallel.  In  the  latter 
event  the  radiation  losses  ascribed  to  single-wire  conductors  occur. 

Although  there  is  a  very  great  reduction  in  radiated  power  in  bal- 
anced two-wire  lines  as  compared  with  single-wire  lines  there  are  many 
practical  cases  where  the  radiation  from  two-wire  lines  produces  cross- 
talk and  loss  of  signal  discrimination.  Multiple-wire  lines  comprising 
several  pairs  of  conductors  in  go-and-return  circuits  may  be  employed 
to  reduce  the  undesired  radiation  couplings.  As  in  the  two-wire  case, 
care  must  be  exercised  in  maintaining  the  required  current  amplitudes 
and  phases  since  otherwise  the  radiation  losses  ascribed  to  single-wire 
lines  may  destroy  the  utility  of  the  multiple-wire  system.  Multiple- 
wire  lines,  of  course,  reduce  static  and  noise  interference. 

From  the  standpoint  of  isolation  an  ideal  electrical  connection  be- 
tween antennas  and  radio  apparatus  is  approached  when  one  conductor 
completely  encloses  the  other  conductor.  A  concentric-tube  line  com- 
prising an  outer  sheath  and  an  inner  conductor  is  the  practical  form  of 
this  construction.  Long  transmission  lines  often  pick  up  a  large 
amount  of  static  and  other  electrical  disturbances.  Spurious  couplings 
may  introduce  these  disturbances  into  the  radio  circuit.  Electrical 
disturbances  so  introduced  are  greatly  reduced  when  the  outer  sheath 
of  a  line  may  be  grounded  at  frequent  intervals.  In  fact,  concentric- 
tube  lines  may  be  buried  in  the  ground. 

The  effect  of  weather  is  a  factor  which  in  some  instances  may  de- 
termine the  type  of  construction  to  be  employed  in  radio-frequency 
lines.  It  is  generally  appreciated  that  rain  and  sleet  storms  may 
materially  lower  the  insulation  of  a  line.  The  velocity  of  propagation 
and  characteristic  impedance  also  are  affected  by  a  coating  of  water  or 
sleet  upon  the  wires.  Concentric-tube  lines  may  be  constructed  so  as 
to  be  weather  proof. 

This  paper  will  be  confined  entirely  to  concentric-tube  lines,  to 

^  See  calculations  in  the  appendix. 

2  E.  Bruce,  Proc.  I.  R.  E.,  p.  1406,  August,  1931. 
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balanced  two-wire  lines,  and  to  the  apparatus  associated  with  these 
two  line  types. 

II.  Concentric-Tube  Lines 

A  shielded  line  comprising  an  inner  tubular  conductor  and  an  outer 
concentric  shield  is  the  form  most  commonly  employed  in  radio  prac- 
tice. Owing  to  the  circular  symmetry  of  the  line  the  case  is  capable  of 
rather  exact  mathematical  analysis.  At  radio  frequencies  the  results 
are  surprisingly  simple.  This  simplicity  is  very  evident  for  the  two 
important  parameters  of  a  transmission  line,  the  propagation  constant 
P  and  the  characteristic  impedance  Zq. 

The  propagation  constant  of  a  line  is  defined  by: 

P  =  Vi?+>L-VG  +  jcoC,  (1) 

in  which 

{R  +  jcoL)  is  the  complex  impedance  and 

(G  +  jcoC)  is  the  complex  admittance,  both  per  unit  length.  It  is 
well  known  that  the  propagation  constant  is  a  complex  number  and 
that  at  radio  frequencies  (1)  reduces  to:  ^ 

P  =  «  +  7/3  =  22^-  +  ^-  +  —  ,  (la) 

in  which  R  is  the  resistance  and  G  is  the  leakage  conductance,  both  per 
unit  length  and  at  the  wave-length  X. 

The  characteristic  impedance  Zo  is  defined  by  the  ratio: 

The  characteristic  impedance  also  is  a  complex  quantity,  but  at  radio 
frequencies  it  is  for  most  practical  purposes  the  real  quantity: 

^0  =  ^  •  (2a) 

In  the  case  of  concentric-tube  lines  the  expression  for  the  capacity  C 
per  unit  length  is  the  familiar  relation : 

1 
C  ^e.s.u., 

2  log.- 

in  which  a  is  the  outer  radius  of  the  inner  conductor  and  b  is  the  inner 
radius  of  the  outer  conductor.     The  inductance  L  per  unit  length  may 
^  J.  A.  Fleming,  "The  Propagation  of  Electric  Currents." 
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be  obtained  from  an  expression  derived  by  Lord  Rayleigh  upon  assum- 
ing that  the  two  tubes  comprising  the  line  are  of  negligible  thickness. 
This  is  permissible  because  at  radio  frequencies  the  conduction  of  cur- 
rents is  essentially  a  skin  effect.  Upon  this  basis  the  inductance  per 
unit  length  of  a  concentric-tube  line  becomes: 

L  =  2  log^-e.m.u.  (2c) 

a 

Upon  substituting  (2b)  and  (2c)  into  (2a)  with  proper  regard  of 
units  a  simple  expression  for  the  characteristic  impedance  at  radio 
frequencies  is  obtained : 

Zo  =  138  logio- ohms.  (2d) 

The  high-frequency  resistance  of  concentric-tube  lines  has  been 
treated  by  a  number  of  investigators,  notably  by  A.  Russell.'*  The 
asymptotic  formula  for  resistance  as  the  frequency  is  increased  without 
limit  is: 

R  =  Af^  (^  -f  ^  10-«  ohms/cm,  (3) 

in  which: 

p  is  the  resistivity  in  e.m.u.  (for  pure  copper  p  is  about  1730 

e.m.u.), 
/x  is  the  magnetic  permeability, 
/  is  the  frequency,  c.p.s., 
a  is  the  outer  radius  of  the  inner  conductor, 
and 

b  is  the  inner  radius  of  the  outer  conductor,  the  two  latter 
being  in  centimeters. 

It  is  of  interest  to  note  that  the  wall  thickness  of  the  conductor  is 
not  involved.  At  radio  frequencies  the  current  is  confined  to  a  very 
thin  layer  on  the  outside  of  the  inner  conductor  and  on  the  inside  of 
the  outer  conductor.^  The  skin  effect  is,  of  course,  not  so  pronounced 
at  low  frequencies  and  more  complicated  formulas  involving  wall  thick- 
ness must  be  employed. 

Some  typical  experimental  data  are  submitted  to  show  that  for 
frequencies  higher  than  one  megacycle  and  for  several  practical  line 
constructions  the  foregoing  equation  (3)  holds  with  a  very  useful  de- 
gree of  accuracy.     The  physical  dimensions  and  construction  details  of 

^  A.  Russell,  Phil.  Mag.,  April  1909;  and  "Alternating  Currents,"  Vol.  I,  p.  222, 
1914,  Cambridge  Press. 

^  Frequency  is  not  the  sole  criterion,  resistivity,  wall  thickness,  and  diameter  also 
being  involved. 
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the  lines  for  which  the  observations  were  made  appear  in  Fig.  1.  With 
the  exception  of  one  rubber  insulated  line  all  inner  conductors  were 
supported  on  porcelain  insulators.  The  latter  were  attached  to  the 
inner  conductor  by  means  of  spring  clips,  extruded  metal  ears  or  by 
means  of  soldered  rings.  Some  measurements  were  made  on  lines 
assembled  with  soldered  joints  and  some  on  lines  connected  by  means 
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F"ig.  1 — ^Principal  dimensions  of  the  concentric  tube  lines  upon  which  the  experimental 
resistance  measurements  shown  in  Fig.  2  were  made. 

Line  E — Same  dimensions  as  "C."     Brass  (p  =  6.6  X  10')  outer  pipe. 

Line  F — Same  dimensions  as  "C."  All  brass  (p  =  6.6  X  10'),  insulators  spaced 
22  inches. 

Line  G — -Same  as  "C"  but  filled  with  insulators. 

Line  if— Lead  sheath  cable,  No.  18  B  &  S  copper  (p  =  1.7  X  lO'),  rubber  insula- 
tion, lead  (p  =  17  X  10')  j-inch  inside  diameter. 

Line   I — Same  as  "C"  but  insulators  spaced  9  inches. 

Line  J — Same  as  "F"  but  insulators  spaced  18  inches. 

of  pipe  unions  with  miniature  plug  and  jack  connections  for  the  inner 
pipe.  Various  line  lengths  were  employed.  Most  of  the  observations 
comprised  measurements  of  the  quantity  (i?/2  +  GZq^/2).  The 
measurement  procedure  will  be  described  later. 
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The  results  of  these  measurements  appear  on  F'ig.  2.  The  solid 
curves  were  computed  by  means  of  (3),  neglecting  the  conductance 
term.  The  points  are  the  experimental  observations.  Note  that,  ex- 
cepting lines  G  and  //,  the  small  margin  between  measured  and  calcu- 
lated values  shows  that  the  leakage  losses  are  very  small.  It  is  believed 
that  the  scattering  of  the  observed  points  could  have  been  reduced 
appreciably  if  corrections  for  variations  of  resistivity  with  temperature 
had  been  made. 
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Fig.  2 — Radio-frequency  resistance  measurements  upon  concentric  tube  lines. 
The  curves  are  based  upon  computations  and  the  points  are  experimental  observa- 
tions.    See  Fig.  1  for  line  details. 


In  lines  B,  E,  and  H  the  sheath  and  the  inner  conductor  comprised 
materials  of  different  resistivities.  Calculations  for  these  cases  were 
made  with  the  assistance  of  a  modified  form  of  (3) : 


a  0 


(3a) 


in  which  the  subscripts  denote  the  inner  and  the  outer  conductors. 
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Line  G  was  completely  filled  with  porcelain  insulators  and  line  H 
was  a  rubber  insulated,  lead  sheathed,  cable.  The  curves  of  Fig.  3 
were  derived  from  the  difference  between  the  observed  and  calculated 
resistance  in  these  two  cases.  The  results  so  obtained  are  a  fair 
approximation  of  the  leakage  losses.  Note  that  the  curves  are  nearly 
proportional  to  the  frequency  which  is  to  be  expected  if  for  a  constant 
voltage  the  dielectric  absorbs  a  fixed  amount  of  energy  each  cycle. 

As  may  be  expected  the  velocity  of  propagation  for  both  lines  G 
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3 — Derived  leakage  conductance  for  the  concentric  tube  lines  G  and  H  of 
Line  G  was  completely  filled  with  porcelain  insulators.     Line  H  comprised 


a  No.  18  B  &  S  conductor  with  rubber  insulation  and  lead  sheath. 
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and  //  was  reduced  by  a  factor  of  approximately  1  .X  which  corresponds 
to  a  dielectric  constant  of  about  3.2.  Line  /  which  was  made  with 
insulators  spaced  at  9-inch  intervals  was  the  only  other  line  which 
showed  a  pronounced  reduction  in  the  velocity  of  propagation,  the 
factor  in  this  case  being  1.18. 

It  is  of  interest  to  observe  that  if  for  economic  reasons  the  diameter 
of  the  outer  conductor  is  fixed  there  is  an  optimum  inner  conductor 
size  for  minimum  attenuation.  Employing  (la),  (2d),  and  (3)  the  real 
part  of  the  propagation  constant  may  be  written  as: 


^PfJ^f 


276 


a       b 


logio- 
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Fig.  4. — The  most  desirable  ratio  (36)  of  outer  to  inner  conductor  and  the  penalty 
incurred  in  departing  from  this  value. 

This  neglects  leakage  loss  and  assumes  that  both  conductors  are  made 
of  the  same  material.  Upon  minimizing  with  respect  to  a,  the  optimum 
ratio :  ^ 

-  =  3.6  (4a) 


is  readily  obtained.     This  ratio  corresponds  to  a  characteristic  imped- 
ance of  77  ohms.     Fig.  4  gives  the  manner  in  which  the  attenuation 

^  An  experimental  figure  for  the  optimum  ratio  was  given  by  C.  S.  Franklin  in  a 
British  Patent,  No.  284005.  The  above  derivation  for  the  optimum  ratio  was 
disclosed  to  the  writers  by  E.  I.  Green  and  F.  A.  Leibe,  American  Telephone  and 
Telegraph  Company,  New  York  City. 
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varies  as  a  function  of  b/a.  Note  that  a  moderate  departure  from  the 
optimum  ratio  does  not  greatly  increase  the  Une  losses. 

So  far  it  has  been  tacitly  assumed  that  the  conductors  were  exactly 
concentric.  Eccentricity  affects  all  of  the  line  constants.^  However, 
experience  has  shown  that  the  departures  from  concentricity  usually 
encountered  in  practice  produce  no  appreciable  increase  in  the  attenu- 
ation constant  of  the  line. 

At  commercial  installations  the  actual  power  loss  in  the  terminated 
line  is  measured  directly  in  decibels  and  has  invariably  been  found  to 
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Fig.  5— Calculated  losses  at  20  megacycles  expressed  in  decibels  for  concentric- 
tube  lines  constructed  from  copper  and  employing  the  optimum  ratio  (3.6)  of  outer 
to  inner  conductor. 


agree  with  the  predictions  within  the  precision  of  such  measurements 
which  is  about  0.5  db,  in  field  work.  Certain  of  the  lines  referred  to  in 
this  paper  have  been  similarly  tested  in  the  laboratory  under  more 
favorable  conditions  and  yielded  agreements  within  0.3  db  where  the 
total  loss  was  of  the  order  of  4  to  6  db. 

Briefly  summarizing  it  may  be  said  that  the  attenuation  in  well 
constructed  concentric  lines  is  proportional  to  the  square  root  of 
frequency,  inversely  proportional  to  the  diameters  (optimum  ratio)  and 

^  A.  Russell,  "Alternating  Currents,"  Vol.  1,  p.  166,  Cambridge  Press. 
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proportional  to  the  square  root  of  resistivity.     Numerically,  the  loss 
for  copper  lines  of  optimum  ratio,  neglecting  leakage,  is: 

db  0.128  VXI^ 


1000   ft.  bin. 

A  plot  of  (5)  for  one  particular  frecjuency  (/  =  20  mc.)  is  shown  in 
Fig.  5. 

It  is  important  to  emphasize  one  precaution  in  the  use  of  concentric 
lines.  The  high  degree  of  isolation  afforded  by  concentric-tube  lines 
may  be  easily  destroyed.  Owing  to  pick-up  from  near-by  antennas 
or  from  other  sources,  currents  of  appreciable  magnitude  may  be  flow- 
ing upon  the  exterior  of  the  sheath.  Spurious  couplings  between  the 
antenna  and  the  line  or  between  the  equipment  and  the  line  may  intro- 
duce these  currents  into  the  shielded  circuit.  In  this  manner  the  dis- 
crimination of  a  receiving  circuit  against  undesired  signals  may  be 
destroyed.  Also,  the  currents  flowing  upon  the  exterior  of  the  sheath 
may  destroy  the  directional  characteristic  of  the  antenna  to  which  the 
line  is  connected.  Grounds  placed  at  frequent  intervals  are  useful  in 
reducing  these  currents.  Sometimes  it  Is  both  desirable  and  convenient 
to  bury  the  line  in  the  earth.  Additional  improvement  is  obtained  by 
constructing  the  circuits  which  transform  the  antenna  impedance  to 
the  line  impedance  so  as  to  obtain  rigorous  symmetry  to  ground. 

III.  Open- Wire  Lines 

The  losses  in  open-wire  lines  may  not  be  determined  in  as  simple  a 
manner  or  with  the  degree  of  certainty  that  Is  possible  with  concentric- 
tube  lines  owing  to  the  complex  nature  of  the  electromagnetic  field 
about  open-wire  lines.  The  high-frequency  resistance  of  one  conductor 
may  be  obtained  from  the  foregoing  equation  (3)  by  assuming  that  the 
radius  of  the  outer  pipe  is  infinite.  The  characteristic  impedance  of 
balanced  open-wire  lines  Is  obtained  with  sufificient  accuracy  from: 

2D 
Zo  =  276  logio-T-ohms,  (2e) 

in  which  D  is  the  axial  spacing  and  d  is  the  wire  diameter.  Some 
typical  results  for  the  resistance  of  a  single  conductor  appear  in  Fig.  6. 
At  first  thought  it  would  appear  that,  owing  to  the  high  resistance 
of  a  single  conductor,  the  losses  in  open-wire  lines  are  higher  than  in 
concentric-tube  lines.  In  practical  constructions,  however,  open- 
wire  characteristic  impedances  5  to  10  times  greater  than  those 
for  concentric-tube  lines  are  easily  obtained.     For  example,  the  loss  of 
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a  77-ohm  concentric-tube  line  is  6.38  times  as  great  as  that  for  a  770- 
ohm  open-wire  line  in  which  the  wire  diameter  is  equal  to  that  of  the 
inner  conductor  of  the  concentric-tube  line.  Thus,  the  attenuation 
constant  for  a  practical  open-wire  line  may  be  approximately  the  same 
as  that  for  the  larger  practical  sizes  of  concentric-tube  lines.  Some 
typical  computations  appear  in  Fig.  7.  A  balanced  two-wire  line  of 
600-ohm  characteristic  impedance  was  chosen  for  the  computations. 

In  Fig.  7  it  was  assumed  that  the  proximity  effect,  that  is,  the  re- 
distribution of  currents  owing  to  the  presence  of  the  second  conductor, 
is  a  correction  of  negligible  magnitude.     Only  in  the  case  of  large  con- 
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Fig.  6 — Calculated  radio-frequency  resistance   for  several   common   sizes  of   solid 
copper  conductors.     V^alues  are  for  one  conductor  only. 

ductors  closely  spaced  does  the  proximity  effect  perceptibly  increase 
the  resistance.  This  may  be  seen  from  Fig.  8  which  shows  the  increase 
in  resistance  due  to  the  proximity  of  the  conductors.  There  are 
several  excellent  published  articles  upon  this  subject. ^■^■^"•^^ 

The  foregoing  results  give,  of  course,  only  the  power  dissipated  in 
copper  losses  and  tell  nothing  about  radiation  losses.  If  the  line 
spacing  is  less  than  1/10  of  a  wave-length  and  if  the  line  length  is  more 

8  J.  R.  Carson,  Phil.  Mag.,  Ser.  6,  Vol.  41,  p.  607,  April,  1921. 

9  H.  B.  Dwight,  Jour.  A.  I.E.  E.,  p.  203,  March,  1922. 

"  H.  B.  Dwight,  Jour.  A.  I.  E.  E.,  p.  827,  September,  1923. 

11  S.  Pero  Meade,  Bell  Sys.  Tech.  Jour.,  Vol.  4,  No.  2,  April,  1925.  The  equations 
given  in  this  reference  were  employed  in  computing  Fig.  8. 
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Fig.  7 — Calculated  attenuation  expressed  in  decibels  for  copper  losses  in  600-ohm 
lines  made  up  from  common  sizes  of  solid  conductors. 
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than  20  times  the  line  spacinj^^,  the  power  radiated  by  a  two-wire 
line  terminated  in  its  characteristic  impedance  is  approximately: 


in  which: 


=  160    —      watts/ (amperes)^, 


(6) 


D/\  is  the  line  spacing  and 

/  is  the  r.m.s.  value  of  the  current  in  the  line. 
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Fig.  9 — Calculated  power  radiated  by  600-ohm  lines  terminated  in  the  character- 
istic impedancefor  several  common  conductor  sizes.  Note  that  line  length  is  not  in- 
volved. 


Under  these  conditions  the  radiated  power  is  independent  of  line  length. 
More  accurate  equations  appear  in  an  appendix  to  this  paper.  It  may 
be  concluded  from  (6)  that  the  power  radiated  by  a  terminated  line  is, 
in  magnitude,  approximately  twice  that  radiated  by  a  doublet  antenna 
of  length  equal  to  the  line  spacing.  Thus,  the  most  simple  circuit  with 
which  it  is  possible  to  terminate  an  open-wire  line,  a  resistance  of 
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length  equal  to  the  line  spacing,  will  radiate  approximately  one  half 
as  much  power  as  the  line.  Therefore,  considering  both  load  and  gen- 
erator terminations,  the  total  power  dissipated  in  radiation  may  be 
approximately  twice  that  given  in  (6).  The  equation  is  plotted  on  Fig. 
9  for  the  cases  of  several  600-ohm  lines  constructed  from  practical 
conductor  sizes.  It  may  be  seen  from  this  figure  that  the  power  ra- 
diated by  a  practical  terminated  line  is  negligible  as  compared  to  the 
power  transmitted  by  the  line  provided  that  operations  are  confined 
to  wave-lengths  other  than  those  in  the  ultra-short-wave  region. 

If  the  currents  in  the  two  wires  are  unequal  or  are  not  exactly 
180  degrees  out  of  phase  there  is  an  appreciable  amount  of  power  radi- 
ated by  a  two-wire  line.  Unbalances  of  this  kind  become  evident  when 
the  driving  voltages,  measured  to  neutral,  are  incorrectly  balanced  and 
phased.  Such  unbalances  also  arise  if  the  voltages  induced  by  the 
antenna  set  up  currents  in  the  line  which  employ  the  two  conductors  in 
parallel. 

For  the  purpose  of  computation  unbalanced  currents  may  be  con- 
sidered as  flowing  in  a  single  conductor  parallel  to  a  perfectly  reflecting 
earth.  The  amplitude  of  the  current  in  the  single  wire  may  be  assumed 
to  be  the  vector  sum  of  the  current  values  in  the  two  conductors.  This 
procedure  ignores  the  mutual  interactions  of  the  balanced  and  un- 
balanced currents  flowing  in  the  two-wire  line  and  hence,  the  results 
so  obtained  are  not  strictly  correct.  It  is  believed,  however,  that  the 
error  is  small. 

Based  upon  these  assumptions  the  power  radiated  by  unbalanced 
currents  is  approximately:  ^^ 


P 

—  =  30 


0.5772  +  log.  (2L)  -  sin^  (L)  U  -  ^^)  -  Ci{2L) 
2Ci{H)  +  Cii^UTlP  -  L)  -{-  Ci{^U  +  H^  +  L) 


(7) 


in  which 


and 


P/P  is  expressed  in  watts/ (amps) ^ 
/  =  r.m.s.  value  of  current  at  a  position  along  the  line 
of  maximum  current, 

H  = ,- being  the  height  of  the  wires  above  ground 

A        X 

in  wave-lengths, 

7    /     / 

L  =  —, -being  the  length  of  the  line  in  wave-lengths. 
X     X 


1-  See  appendix. 
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The  equation  is  plotted  on  Fig.  10  for  two  specific  heights  above 
ground  and  for  various  line  lengths.  Upon  examining  Figs.  9  and  10 
it  may  be  concluded  that  in  practical  constructions  a  thirty  per  cent 
unbalance  in  line  currents  radiates  an  amount  of  power  roughly  equal 
to  that  radiated  by  the  balanced  currents  in  the  line. 

It  is  our  experience  that  losses  due  to  current  unbalances  are  ap- 
preciably greater  and  somewhat  different  in  character  from  those  indi- 
cated by  (7).  The  discrepancy  may  reside  in  the  assumptions  em- 
ployed in  deriving  the  equation.  In  particular,  the  losses  in  the  earth 
have  been  ignored.  It  may  well  be  that  the  soil  over  which  the  line  is 
erected  introduces  large  losses  in  the  line,  particularly  when  the  currents 
are  unbalanced.     Such  losses  would  augment  the  attenuati(Mi  constant 
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Fig.  10 — Approximate  power  in  watts  radiated  by  an  unbalanced  current  of  1.0 
r.m.s.  amperes  in  a  long  two-wire  line.  Also,  the  power  radiated  by  a  single  wire 
parallel  to  the  earth  for  1.0  r.m.s.  ampere  line  current.  Two  cases,  ^  and  j  wave- 
lengths above  ground  are  illustrated. 

of  the  line.^^     At  least,  the  computations  indicate  the  desirability  of 

maintaining  careful  line  current  balances. 

Some  remarks  upon  the  proper  procedure  for  inserting  the  power 

losses  due  to  radiation  into  the  equations  for  the  line  may  be  of  interest. 

Carson  ^'^  has  shown  that  the  conventional  solution  of  the  transmission 

equation  for  guided  waves  on  wires  is  incomplete  and  does  not  explain 

the  phenomena  of  radiation.     He  shows  that  a  "principal  wave,"  and 

hence  the  currents  in  the  conductor  associated  with  this  wave,  travel 

along  the  conductors  without  sensible  attenuation  due  to  radiation. 

Radiation  from  the  line  results  in  the  attenuation  of  an  infinite  number 

of  "complementary  waves."     These  are  highly  attenuated  so  that  the 

"John  R.  Carson,  Bell  Sys.  Tech.  Jour.,  Vol.  V,  No.  4,  October,  1926. 
"John  R.  Carson,  Jour.  A.  I.  E.  E.,  p.  908,  October,  1924. 
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radiation  of  energy  is  a  phenomenon  essentially  associated  with  the 
terminals  of  the  line  or  points  of  discontinuity  which  set  up  reflected 
waves. 

It  may  be  concluded  from  Carson's  mathematical  investigation  that 
the  radiation  resistance  is  a  term  to  be  added  to  the  impedance  of  the 
line  at  the  terminals  or  points  of  discontinuity  and  that  it  does  not 
appear  in  the  propagation  constant.  On  this  basis,  the  power  radiated 
by  a  practical  balanced  transmission  line  is  negligibly  small  when  com- 
pared to  the  power  being  transmitted  by  the  line  except  perhaps  for 
operation  at  the  very  short  wave-lengths. 

E.xperimental  data  for  the  attenuation  in  open-wire  lines  which  are 
as  complete  as  those  already  shown  for  concentric-tube  lines  are  not 
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Fig.  11 — Experimental  observations  of  attenuation  in  a  600-ohm  line  comprising 
0.162-inch  copper  conductors.  The  points  are  observed  values.  The  lower  curve  is 
calculated  only  on  the  basis  of  copper  losses. 


available  for  this  paper.  Some  typical  observations  for  600-ohm  lines 
constructed  with  No.  6  B  &  S  semi-hard  drawn  copper  wire  appear 
in  Fig.  11.  The  points  are  experimental  observations.  The  lower 
curve  was  computed  for  the  case  1830  e.m.u.  copper  resistivity.  The 
observed  values  are  about  66  per  cent  higher  than  the  computed  values. 

The  experimental  procedure  was  as  follows.  A  line  2000  feet  long 
was  carefully  balanced  and  terminated  by  an  iron  wire  line  '^  for  each 
of  the  experimental  observations.  By  means  of  a  portable  calibrated 
indicating  device  the  average  currents  for  the  one-half  wave-length  of 

I''  See  Section  VII. 
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line  at  the  near  end  and  at  the  far  end  were  obtained.  The  attenuation 
in  decibels  was  computed  from  average  near  end  and  far  end  current 
ratios. 

It  is  difficult  to  explain  the  discrepancy  between  observed  and  com- 
puted values.  If  the  resistivity  employed  in  the  computations  were  to 
be  increased  from  1830  to  5030  e.m.u.  (a  multiplication  factor  of  2.75) 
the  computed  curve  so  obtained  would  be  in  good  agreement  with  the 
observed  results.  It  is  true  that  the  wires  were  somewhat  weathered. 
There  is,  however,  little  reason  to  believe  that  an  appreciable  amount 
of  current  flows  in  the  oxide  layer  covering  the  wires.  Effects  of  this 
kind  would  have  been  evident  in  the  measurements  upon  concentric- 
tube  lines.  It  already  has  been  mentioned  that  small  current  unbal- 
ances in  the  line  may  produce  losses  in  the  earth  which  increase  the 
real  part  of  the  propagation  constant.  Possibly,  losses  of  this  kind 
may  explain  the  discrepancy. 

IV.  Notes  on  Matching  Impedances 
It  already  has  been  mentioned  that  standing  waves  on  a  transmission 
line  augment  line  losses.  The  penalty  which  is  imposed  by  improper 
impedance  matches  may  be  seen  from  Fig.  12.  This  figure  plots  line 
loss  as  a  function  of  the  degree  of  matching  for  several  attenuation 
factors.  The  line  loss  is  computed  from  the  ratio  of  the  power  dis- 
sipated in  the  load  to  the  total  power  obtainable  from  the  generator. 
The  curves  were  obtained  from  conventional  transmission  line  theory. 
For  the  purpose  of  simplifying  calculations  the  line  length  is  assumed 
to  be  an  integral  number  of  one-quarter  wave-lengths,  thereby  eliminat- 
ing complex  impedances.  Otherwise  the  length  of  the  line  is  imma- 
terial, the  product  of  length  and  attenuation  per  unit  length  being 
the  criterion  of  loss. 

In  the  diagrams  of  Fig.  12 A  and  Fig.  12B  the  circuit  M  is  an  ad- 
justable ideal  transformer.  For  every  value  of  the  resistance  R  the 
transformer  M  is  assumed  to  be  adjusted  so  as  to  maximize  the  load 
power.  This  process  is  equivalent  to  matching  impedances  at  the  ter- 
minals of  the  line  adjacent  to  the  transformers.  It  is  of  interest  to 
observe  that  where  R  is  not  equal  to  the  characteristic  impedance  Zo, 
this  adjustment  does  not  yield  an  impedance  match  at  the  line  ter- 
minals remote  from  the  transformers.  It  is  of  further  interest  to 
observe  that  in  the  case  where  the  load  impedance  is  variable  (Fig.  12B) 
the  optimum  adjustment  is  a  compromise  between  a  non-reflecting 
termination  and  an  impedance  match  at  the  generator  end. 

Conventional  tuned  transformers  may  be  employed  to  match  the 
line  impedance  to  the  antenna  and  radio  equipment  impedances.     In 
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the  transmitting  case,  tuned  circuits  are  often  found  to  be  both  bulky 
and  costly.  There  are  a  number  of  schemes  which  employ  a  short  sec- 
tion of  line  as  a  transformer  element.     These  are  feasible  only  at  fre- 
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Fig.  12 — Line  loss  as  a  function  of  the  degree  of  matching.  The  several  curves 
are  designated  in  terms  of  the  minimum  line  loss  obtained  for  the  case  of  a  perfect 
match  with  the  line  characteristic  impedance. 

quencies  for  which  the  wave-length  is  short.     The  circuits  so  provided 
are  extremely  simple  and  cheap. 

In  another  paper  ^^  a  scheme  for  employing  a  one-quarter  wave- 

16  E.  J.  Sterba,  Proc.  I.  R.  E.,  p.  1184,  July,  1931. 
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length  section  of  line  as  a  step-up  or  step-down  transformer  was 
described.  Hriefly  the  principle  of  operation  is  the  fact  that  the 
sending  end  impedance  Zg  and  the  receiving  end  impedance  Zr  are 
related  to  the  characteristic  impedance  Zo  by  the  simple  expression: 


Zj  s^  r    —    ^0  • 


(8) 


Thus,  by  choosing  the  proper  characteristic  iinpedance  any  two  real 
impedances  may  be  matched  provided  these  do  not  dififer  too  greatly. 


IMPEDANCE    TRANSFORMER 
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zs-ol^ 
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Zo=ZsZr 


-Zr 
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Fig.  13 — The  principles  underlying  the  use  of  one  quarter  wave-length  bars  as  a 
transformer  are  shown  in  the  upper  diagram.  The  lower  illustration  depicts  a 
commercial  installation. 

Often  the  scheme  is  made  workable  by  constricting  the  line  spacing  for 
a  one-quarter  wave-length  section.  Where  a  large  difference  in  trans- 
former line  and  transmission  line  spacing  is  undesirable  the  transformer 
line  may  comprise  conductors  of  large  diameter.  A  transformer  set-up 
of  this  type  is  shown  in  Fig.  13. 

There  is  another  effective  way  for  transforming  line  impedances  by 
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means  of  short  line  devices.'''  A  complex  impedance  at  the  proper  posi- 
tion along  a  partially  terminated  line  is  selected  such  that  a  shunt 
reactance  at  this  position  transforms  the  real  part  of  the  impedance  to 
the  surge  impedance  of  the  line  at  essentially  unity  power  factor.  The 
shunt  could,  of  course,  be  a  lumped  reactance.  It  is  found  convenient 
to  employ  a  short  section  of  line  for  this  reactance.  A  position  along 
the  line  for  the  shunt  reactance  of  either  leading  or  lagging  power  factor 
may  be  chosen.  In  the  former  case  the  shunt  reactance  must  be 
inductive  and  in  the  latter  case  capacitive.  Computed  shunt  im- 
pedance positions  for  the  two  cases  and  the  values  of  the  shunt  im- 
pedance in  terms  of  line  length  for  600-ohm  lines  and  various  standing 
wave  amplitudes  on  the  unterminated  section  appear  in  Fig.  14. 
Actual  settings  correspond  very  well  with  the  calculated  settings. 

V.  Resistance  and  Attenuation  Measurements  on 
Transmission  Lines 

The  following  is  a  description  of  some  of  the  measurement  methods 
which  have  been  found  useful  in  the  study  of  transmission  lines.  The 
schemes  may  not  be  applicable  to  every  phase  of  the  transmission  line 
roblem.  However,  it  is  hoped  that  they  may  suggest  precautions  top 
be  observed  in  performing  transmission  line  studies. 

One  scheme,  very  commonly  employed,  is  to  measure  the  attenuation 
along  a  transmission  line  by  actual  current  measurements.  This 
method  is  particularly  suited  to  measurements  upon  a  long  line  ter- 
minated in  its  characteristic  impedance.  It  has  been  found  desirable 
to  measure  the  current  amplitudes  at  close  intervals  for  at  least  a  one- 
half  wave-length  section  at  the  near  end  and  the  far  end  of  the  line.  In 
this  manner  an  average  result  which  reduces  observational  errors  and 
errors  arising  from  standing  waves  of  small  amplitudes  is  obtained. 
From  the  ratio  of  the  average  sending  end  current  Is  and  the  average 
receiving  end  current  Ir  and  the  average  distance  /  between  the  two 
sections  of  line  the  attenuation  per  unit  length  is  obtained  from  the 
definition: 

db  =  20  logio  f* ,  (9) 

and  since 

^  =  e«'/2zo ,  (10) 

J-  r 

^-^  =  4.343  f,  (11) 

l  Zo 

^^  Disclosed  to  the  writers  by  P.  H.  Smith,  Bell  Telephone  Laboratories,  Inc., 
New  York,  N.  Y. 


432 


BELL   SYSTEM   TECHNICAL   JOURNAL 


REQUIRED  POSITION  OF 
AUXILIARY  LINE-WAVELENGTHS 
.16   .14    .12  .10  .08.06  .04.02 

_c 

0 

URRENT   WAVE  ON  UNTERMINATED  LINE 
'Imax.                  ^^-^^^^ 

TFRMINATFD 

Imin.{^ 

LINE 

UJ         .02 

z 

-1        .04 

<         .06 

^^   -08 

x 

\j'l 

|i      li      1'       |i                                                                 TO  LOAD 

M 

<    O 

V 

u-  ^,     .12 

o  H 

\ 

\ 

\ 

i_  > 

» 

l|      |l     II        I 
li      l'     II        ' 

0|     .,6 

\ 

\ 

.1         1             II 

U 

\' 

II     ll       II 
il     II       '' 

\ 

R         9n 

\ 

.          '       i| 

\l 

i!     ii 

N 

1        '1 

o       -^^ 

S 

^       1, 

\ 

1 

Jl 

^        .24 

N 

RATIO  Imin./Imax.  ON  UNTERMINATED  LINE 


CURRENT  WAVE  ON  UNTERMINATED  LINE 


REQUIP 
TERMINATED 

ED 
24. 

LOOP 
22.20 

POSI  IION-WAVLLLNOIHS             7^ 
.18    .16    .14  .12  .10  .08.06.04.02     loU 

: i>8'    "    '    L|:   '    '    '.'    k>8'  ^^^   J   "'"•        TO  LOAD 

LINE 

10 

I  .02 

g.04 

^ 

S 

T1— 
1 
|l 

I 

CURRENT  MIN.  POINT 

-^^ 

\ 

LiJ 

_)  .06 

u 

^  .08 

i   -'0 

\ 

\ 

V 

1       li        i|t 

\ 

i       '         '     ' 

1        11 

tS     .12 

z 

y     .14 

\ 

\ 

|l        l| 

Vli 

\^ 

\  ! 

%     .16 

V 

\ 

O 

-J     .18 

Q 

u  .20 

a. 

D  .22 

o 

UJ      r>A 

a.  •'=* 

y  '1 

11 

\'i 

V' 

.JV_ 

RATIO  Imin./Imax.ON  UNTERMINATED  LINE 

Fig.  14 — The  use  and  adjustment  of  an  auxiliary  line  as  a  transformer  element. 
The  settings  are  computed  for  the  case  of  600-ohni  lines.  The  position  and  length 
of  the  auxiliary  line  may  be  obtained  from  the  curves  for  any  given  ratio  of  minimum 
to  maximum  currents  on  the  unterminated  portion  of  the  line. 
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from  which  the  resistance  R  per  unit  lengtli  may  be  obtained  with  a 
degree  of  accuracy  depending  chiefly  on  how  accurately  the  character- 
istic impedance  Zo  is  known. 

The  current  distribution  along  the  line  is  most  conveniently  ob- 
tained by  means  of  a  portable  indicating  device.  Three  designs  which 
have  been  found  useful  are  shown  in  the  following  figures.  The  indica- 
tor to  the  left  of  Fig.  15  is  used  for  measurements  upon  open-wire  lines. 
The  manner  in  which  it  operates  is  evident  from  the  figure.     Note  that 


vc 

!l 

ll        i 

1 

1 

TG. 

pjg  15 — Three  types  of  portable  indicating  devices  for  observing  the  current 
distribution  on  transmission  lines.  The  device  to  the  left  is  sensitive  chiefly  to 
the  current  flowing  in  one  conductor.  The  device  in  the  center  responds  chiefly  to 
balanced  currents  and  is  not  sensitive  to  unbalanced  currents.  The  device  to  the 
right  is  suitable  for  observing  the  voltage  amplitudes  on  concentric  tube  lines. 

except  for  closely  spaced  wires  the  device  is  sensitive  only  to  the  cur- 
rent in  one  side  of  the  line.  When  this  device  is  used  the  currents  in  both 
sides  should  be  measured  to  assure  that  there  are  no  large  current  un- 
balances and  for  the  purpose  of  averaging  out  any  small  unbalances. 
The  device  in  the  center  of  Fig.  15  is  coupled  to  both  sides  of  the  line 
and  is  not  sensitive  to  currents  which  employ  the  two-line  conductors 
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in  parallel.  It  is  useful  where  for  other  reasons  the  unbalanced  cur- 
rents cannot  be  reduced  to  a  desirably  low  value.  The  device  shown 
to  the  right  of  Fig.  15  is  suitable  for  measurements  on  concentric  lines. 
In  order  to  employ  this  device  openings  at  regular  intervals  are  re- 
quired in  the  outer  sheath.  An  important  precaution  to  be  observed  in 
employing  this  last  device  is  that  the  shielding  be  sufficiently  thorough 
to  assure  no  pick-up  from  stray  currents  flowing  upon  the  outside  of 
the  sheath. 

It  is  of  course  essential  that  all  portable  devices  of  this  kind  extract 
a  very  small  proportion  of  the  power  in  the  line;  otherwise,  the  device 
becomes  a  source  of  reflection  and  spurious  results  are  obtained. 

Another  method  of  measuring  the  attenuation  of  a  line  which  is 
particularly  useful  in  studying  the  effects  of  current  unbalances  is  to 
employ  a  small  portable  horizontal  antenna  the  impedance  of  which 
matches  the  characteristic  impedance  of  the  line.  The  antenna  is  con- 
nected in  a  short  section  and  then  in  a  long  section  of  the  line.  It  is 
essential  that  the  height  of  the  antenna  above  ground  be  equal  for  the 
two  positions.  Also,  the  location  for  the  experiment  should  be  such 
that  the  same  ground  losses  are  present  for  the  two  positions.  The 
ratio  of  the  antenna  currents  for  the  two  positions  and  for  the  condition 
of  equal  power  input  is  a  measure  of  the  total  line  losses. 

One  of  the  most  satisfactory  schemes  for  measuring  line  attenuation 
is  the  direct  measurement  of  the  line  sending  end  impedance  by  means 
of  the  familiar  resistance  substitution  method.  It  has  been  used  ex- 
tensively in  measurements  of  concentric  lines.  For  this  purpose  it  is 
necessary  to  employ  lines  either  open-  or  short-circuited  at  the  far 
end  and  to  restrict  the  measurements  to  lines  which  contain  an  integral 
number  of  quarter  wave-lengths. 

Conventional  transmission  line  theory  indicates  that  under  these 
conditions  the  impedance  is  either: 

Zi  =Zotanh(a^^  ,  (12) 


or: 


where: 


4 


Z,  =  ZoCOth   (  a^),  (13) 


Zo  =  characteristic  impedance, 
a  =  attenuation   factor;   i.e.,    the   real    part   of   the   propagation 

constant, 
X  =  wave-length,  and 
w  =  an  integer  denoting  the  number  of  quarter  wave-lengths. 
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If  n  is  even  and  the  termination  is  a  short  circuit  or  if  n  is  odd  and  the 
termination  is  an  open  circuit,  (12)  is  employed.  If  n  is  odd  and  the 
termination  is  a  short  circuit  or  if  n  is  even  and  the  termination  is  an 
open  circuit,  (13)  is  employed.     The  attenuation  factor  is  given  by: 


a  =  -  ^  +  77  GZo  napiers  per  foot, 
=  4.34  (  y-  +  GZo  ]  decibels  per  foot, 


(14) 

(14a) 


where : 


R  =  resistance  in  ohms  per  foot, 
G  =  conductance  in  ohms  per  foot,  and 
Zq  =  characteristic  impedance  in  ohms. 

For  all  the  lines  concerned  with  here  tanh  [a:(//X/4)3  may  be  replaced 
by  [q:(//X/4)]  without  more  than  1.5  per  cent  error.  Thus,  (12)  and 
(13)  reduce  to 


Zi  = 


8Zo    = 


R  wX 
2   4 

2Zo' 


1  + 


n\ 
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GZl 
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GZl 
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(12a) 
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Fig.  16 — Schematic  diagram  of  apparatus  for  measuring  line  loss  by  means  of  a 
resistance  substitution  method. 


Therefore,  except  for  the  small  contribution  of  shunt  conductance, 
Zi  is  independent  of  Zq.  In  cases  where  G  is  negligible,  the  measure- 
ment of  Zi  gives  directly  the  high-frequency  resistance. 

The  method  of  measurement  is  shown  schematically  in  Fig.  16  and 
an  experimental  set-up  appears  in  Fig.   17.     The  modified  high-fre- 

1^  It  is  assumed  here  that  the  conductance  term  in  (14)  is  small  compared  with 
the  resistance  term. 
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quency  field  intensity  measuring  unit  ^^  is  a  convenient  indicating  device 
and  source  of  signal.  The  intermediate-frequency  amplifier  with  its 
adjustable  gain  is  very  useful  in  maintaining  a  desirable  level  in  the  last 
detector  which  is  the  indicator.  Returning  to  Fig,  16,  the  local  signal 
oscillator  is  the  source  of  voltage  actuating  the  tuned  circuit  LC1C2  in 
which  the  substitutions  are  made.  Loose  coupling  is  desirable  between 
the  pick-up  coil  and  oscillator.  In  measuring  Zi,  which  is  a  low  im- 
pedance, the  condenser  d  is  set  at  minimum  capacity  thus  effectively 


Fig.  17 — Experimental  set-up  of  apparatus  for  measuring  line  loss. 


making  the  comparison  in  a  series  circuit.  In  measuring  Z2,  which  is 
of  the  order  of  hundreds  of  ohms,  C2  is  used  to  transform  Z2  into  an 
appropriate  series  value  consistent  with  selectivity  and  sensitivity. 

The  comparison  resistances  used  for  measuring  (Zi)  may  be  fixed 
units  and  the  line  impedance  obtained  by  interpolation.  These  com- 
prise straight  lengths  of  high-resistance  wire  and  range  from  a  few 
tenths  of  an  ohm  to  ten  ohms.     The  wire  size  is  chosen  so  that  skin 

^'  Readers  not  familiar  with  this  measuring  unit  may  refer  to  a  paper  by  Friis 
and  Bruce,  Proc.  I.  R.  E.,  August,  1926. 
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effect  is  negligible.  Although  these  resistances  possess  appreciable 
inductive  reactance  at  the  higher  frequencies  the  reactance  usually 
may  be  safely  tuned  out. 

It  has  been  found  practicable  to  employ  continuously  variable 
resistances  made  from  hard  drawing  pencil  lead  equipped  with  spring 
clip  contacts  for  measurements  of  high  resistances  such  as  (Z2).  The 
high  resistivity  of  graphite  makes  it  possible  to  obtain  several  thousand 
ohms  in  5  or  6  inches,  free  of  skin  effect  and  with  but  little  inductance. 

The  foregoing  resistance  substitution  method  has  been  found  satis- 
factory for  the  purpose  of  measuring  the  characteristic  impedance  of 
lines.  Two  methods  have  been  employed.  One  of  these  is  the  familiar 
procedure  in  which  the  sending  end  impedance  is  measured  for  the  case 
of  the  line  open  and  short  circuited  at  the  far  end.  The  geometric 
mean  of  the  two  impedances  so  obtained  is  the  characteristic  im- 
pedance of  the  line. 

Another  scheme  producing  more  precise  results  is  also  adapted  to 
the  foregoing  resistance  measuring  method  in  that  it  requires  that  the 
line  be  some  odd  number  of  one-quarter  wave-lengths  long.  Such  a 
line  transforms  to  a  different  value  a  terminating  impedance  which  is 
other  than  the  characteristic  impedance.  By  comparing  a  variable 
terminating  resistance  directly  with  the  value  to  which  it  is  transformed 
by  the  line  a  setting  may  be  found  for  which  the  line  functions  as  a 
one-to-one  transformer.  For  this  condition  the  value  of  the  variable 
terminating  resistance  is  the  characteristic  impedance  of  the  line. 
Here  again  drawing  pencil  leads  have  been  found  to  be  satisfactory 
termination  resistances  when  set  by  direct-current  measurement 
methods. 

In  practice  the  foregoing  resistance  substitution  method  brings  to 
light  many  slight  irregularities.  Variations  of  apparent  characteristic 
impedance  with  frequency  as  much  as  5  to  10  per  cent  have  been  found 
for  concentric-tube  lines  equipped  with  elbows,  couplings,  and  similar 
fittings.  It  is  believed  that  impedance  variations  of  this  order  are  to  be 
expected  from  some  such  irregularities  unless  particular  care  is  taken 
in  the  construction  of  the  fittings.  On  the  other  hand,  it  has  been 
found  that  a  short  straight  length  of  carefully  constructed  concentric- 
tube  line  is  so  smooth  that  its  characteristic  impedance  may  be  em- 
ployed as  a  calculable  standard. 

VI .  Practical  Construction  Details 
Open-wire  radio-frequency  line  construction  is  not  very  different 
from  that  employed  in  power  practice.     One  outstanding  difference  is 
that  line  supports  and  insulators  must  be  considered  as  individual  ir- 
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regularities  spaced  at  intervals  often  greater  than  one  wave-length. 
The  effect  of  one  such  irregularity  may  be  small.  The  total  effect  in  a 
long  line,  however,  is  sometimes  appreciable. 

The  body  of  the  insulator,  since  it  has  a  dielectric  constant  ap- 
preciably different  from  air  and  since  its  dimensions  are  comparable 
with  the  line  spacing,  is  in  itself  a  line  irregularity.  Tie  wires  or 
conductor  clamps  augment  this  effect.  Cross  arms  and  pins  employed 
for  mounting  pin-type  insulators  also  add  to  the  effect,  particularly 
during  wet  weather. 

From  the  standpoint  of  line  irregularities  suspension-type  insulators 
are  more  desirable  than  pin-type  insulators.  The  latter  construction, 
however,  appears  to  be  more  practical  because  the  lines  are  more  rigid, 
sway  less  during  wind  storms,  and  because  no  intermediate  spreaders 
are  required  to  maintain  the  desired  line  spacing. 

One  other  difficulty  with  open  wire  lines  is  the  drift  in  velocity  of 
propagation  and  surge  impedance  during  rain  and  sleet  storms.'® 
Since  a  similar  effect  occurs  in  the  elements  of  the  antenna  there  is  a 
decided  drop  in  the  efficiency  of  the  combined  antenna  and  line  during 
rain  and  sleet  storms.  The  effects  of  sleet  may  be  reduced  by  heating 
the  wires  with  sleet  melting  currents.  The  conductor  size  may  be 
increased  to  reduce  the  effects  of  wet  weather  but  this  makes  sleet 
melting  more  difficult. 

There  is  an  appreciable  pick-up  between  balanced  open  wire  lines 
on  common  supports.  It  appears  desirable  to  separate  lines  to  a  com- 
mon transmitter  by  at  least  10  times  the  conductor  spacing.  Spacings 
greater  than  this  may  be  required  if  two  lines  are  to  be  operated  simul- 
taneously and  in  some  cases  it  is  more  desirable  to  employ  separate 
line  supports  in  order  to  reduce  the  possibility  of  cross-talk  difficulties. 
Of  course  any  current  unbalances  in  two  parallel  lines  greatly  increase 
the  danger  of  cross-talk. 

Concentric  tube  line  construction  is  not  as  simple  as  open  wire  con- 
struction. Considering  the  transmitting  case,  there  is  a  smaller  safety 
factor  for  voltage  overloads.  Insulators  are  required  to  withstand  high 
voltage  gradients.  Temperature  changes  with  ensuing  line  expansions 
and  contractions  must  be  given  consideration.  It  is  these  factors  in 
addition  to  the  added  expenditure  for  copper  which  make  concentric 
line  construction  more  costly  than  open  wire  construction. 

The  first  consideration  in  the  design  of  a  concentric  line  is  the 
weight  of  the  outer  sheath.  If  the  line  is  to  be  employed  for  high 
power  transmitting  purposes  the  voltage  safety  factor  may  be  so  low 
that  accidental  dents  in  the  sheath  may  lead  to  breakdown.  Ob- 
viously, there  is  a  choice  between  a  large  diameter,  lightweight  sheath 
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and  more  rugged  small  diameter  sheath  without  an  appreciable  dif- 
ference in  copper  expenditure.  Other  factors  which  involve  the 
remainder  of  the  radio  plant  often  determine  the  size  of  the  outer 
sheath.  We  have  found  that  for  outer  sheaths  a  diameter  of  2.5  inches 
and  a  radial  thickness  of  0.0875  to  0.10  inch  provides  lines  which  are 
sufficiently  rugged  for  transmitting  15  kw  of  modulated  power  at  16 
meters  wave-length. 

Careful  consideration  needs  to  be  given  to  the  problem  of  protecting 
concentric  lines  from  voltage  overloads  which  may  be  brought  about 
by  accidental  open  or  short  circuits  or  by  flashovers.  Voltages  of 
the  order  of  30,000  to  90,000  volts  may  easily  be  built  up  in  this  man- 
ner at  the  shorter  wave-lengths.  Horn  gaps  are  useful  if  located  in  the 
proper  way.  It  is  fortunate  that  conventional  line  input  circuits  are 
apt  to  be  detuned  in  the  event  of  an  accidental  open  or  short  circuit 
on  the  line  and  that  very  little  power  may  then  be  transmitted  to  the 
line. 

Beads  of  high  grade  porcelain  in  diameters  up  to  one  inch  are  satis- 
factory insulators  for  low  power  and  receiving  lines.  However,  such 
simple  insulators  are  not  suitable  for  high  power  work.  Owing  to  the 
volume  of  dielectric  in  large  annular  insulators  sufficient  heating  may 
occur  at  the  higher  voltages  to  destroy  the  insulator.  Insulators  such 
as  those  described  for  line  B  Fig.  1  have  been  found  suitable  at  the 
higher  voltages. 

The  air  film  between  the  insulator  and  the  inner  conductor  lies  in  a 
region  of  steep  voltage  gradient.  Even  under  w^hat  is  considered 
normal  operating  voltage  there  may  be  enough  corona  in  this  region  to 
produce  heating  of  the  insulator.  It  may  be  of  interest  to  mention 
that  a  line  approximately  as  described  in  B  Fig.  1  has  been  found 
satisfactory  for  normal  operation  at  16  meters  for  a  carrier  power  of 
15  kw.  The  line  breaks  down  in  the  region  of  the  insulator  at  9000 
r.m.s.  volts. 

For  transmitting  purposes  it  has  been  found  desirable  to  employ 
glazed  insulators  in  concentric  tube  lines  because  dirt,  soldering  fluxes, 
etc.  acquired  in  assembly  operations  are  more  readily  removed  from 
glazed  insulators. 

There  are  a  number  of  simple  ways  in  which  insulators  may  be  held 
in  place  in  concentric  tube  lines.  For  low  power  work  and  receiving 
purposes  wire  clips,  rivets  or  even  extruded  metal  ears  upon  the  inner 
conductor,  are  satisfactory.  As  a  rule  these  do  not  prove  satisfactory 
at  higher  powers  owing  to  high  potential  gradients  at  points  and 
sharp  edges.  Small  rings  riveted  or  soldered  upon  either  side  of  the 
insulator  have  proven  satisfactory.     Lines  with  soldered  rings  are  more 
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easily  repaired.     Care  must  be  exercised,  however,  to  prevent  conden- 
sation of  metal  and  fluxes  in  the  pores  of  the  insulator. 

In  open  wire  construction  it  is  customary  to  accommodate  line 
variations  brought  about  by  temperature  changes  by  adjusting  the 
sag  of  the  conductors.  Provisions  for  temperature  variations  in  con- 
centric tube  lines  are  not  so  simple.  The  first  obvious  remedy  is  to 
employ  lines  buried  at  sufficient  depth  so  that  temperature  changes 
are  reduced  to  a  slow  seasonal  variation.  At  the  present  time  a  buried 
3/8-inch  line  has  been  in  service  for  more  than  one  year  without  de- 
veloping faults.  Without  longer  experience  with  concentric  lines  we 
would  question  the  advisability  of  burying  larger  lines  which  are  to  be 


Fig.   18 — ^A  short  section  of  three-quarter  inch  diameter  line  showing  support  for 
holding  line  in  a  sinuous  form. 


employed  at  high  voltages  due  to  the  difficulty  of  finding  faults  should 
these  occur. 

A  very  simple  scheme,  suitable  for  small  lines,  is  to  reduce  the 
effects  of  temperature  variations  by  laying  the  line  in  a  sinuous  path  as 
shown  in  Fig.  18.  This  construction  permits  the  line  to  buckle  slightly 
at  the  curves  as  the  length  varies  and  cumulative  changes  in  length  do 
not  appear  at  the  line  terminals.  The  inner  conductor  is  held  loosely 
within  the  sheath  so  that  it  may  buckle  independently  of  the  sheath. 
The  outer  conductor  changes  its  length  both  at  a  different  rate  and  at 
a  different  time  from  the  inner  conductor.  With  increasing  tempera- 
ture the  sheath  is  at  a  higher  temperature  than  the  inner  conductor. 
There  is  an  appreciable  time  lag  in  heating  of  the  inner  conductor  due 
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to  the  heat  insulation  of  the  air  space  between  the  conductors.  Small 
lines  laid  in  a  sinuous  manner  have  been  found  remarkably  free  from 
mechanical  breakdowns  brought  about  by  temperature  variations  of 
length. 

Sliding  joints  may  be  employed  to  accommodate  variations  in  line 
length  brought  about  by  temperature  changes.  It  is  very  difificult  to 
make  such  joints  water-tight  without  recourse  to  expensive  fittings. 
There  is  also  the  possibility  of  microphonic  contacts  which  are  particu- 
larly objectionable  in  receiving  work. 

The  expansion  joints  shown  to  the  right  of  V'lg.  19  have  been  em- 


Fig.  19 — Experimental  expansion  and  lock  joints  for  large  sizes  of  concentric  tube  line. 

ployed  with  some  success.  Dimensions  and  shapes  should  be  chosen 
to  minimize  the  irregularities  in  line  impedance  caused  by  expansion 
joints.  It  is  a  step  in  the  right  direction  to  maintain  constant  the  ratio 
of  conductor  diameters  at  the  joint.  Even  then,  it  has  been  found  that 
the  irregularities  caused  by  10  such  joints  in  a  600-foot  line  are  observ- 
able (approximately  10  per  cent  standing  waves). 

It  is  necessary  that  expansion  joints  be  employed  in  conjunction 
with  lock  joints  so  arranged  that  no  one  joint  is  required  to  take  more 
than  a  predetermined  portion  of  the  line  expansion.  One  lock  joint 
with  an  expansion  joint  25  feet  in  either  direction  has  been  found  to  be 
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a  satisfactory  length  within  which  Hne  variations  are  corrected.  The 
lock  joint  proper,  Fig.  19,  comprises  an  insulator  of  the  same  design 
as  the  intermediate  insulators  but  made  with  an  outer  diameter  equal 
to  that  of  the  outer  sheath.  It  is  held  in  place  by  a  sleeve  sweated 
to  the  sheath,  the  sleeve  continuing  the  electric  circuit.  The  insulator 
is  also  fixed  to  the  inner  conductor^by  means  of  rings.  Since  the  lock 
joint  is  in  a  position  symmetrical  with  respect  to  the  two  expansion 


Fig.  20 — An  experimental  selector  switch  for  connecting  several  antenna  lines  to 
one  transmitter  line.  The  small  coil  antiresonates  the  capacity  of  the  switch  for  the 
operating  frequency  associated  with  the  particular  contact  to  which  it  is  connected. 

joints  it  is  required  to  withstand  a  shearing  load  brought  about  only 
by  inequalities  in  the  expansion  of  the  conductors.  In  order  to  dis- 
tribute the  line  expansion  uniformly  among  the  expansion  joints  it  is 
necessary  to  clamp  the  outer  sheath  of  the  lock  joint  to  a  substantially 
braced  support. 

The  joints  described  above  are  required  to  accommodate  a  total 
annual  variation  of  0.5  inches.  After  one  year's  period  of  experimental 
operation  the  few  faults  found  in  a  line  containing  these  joints  were 
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nearly  all  traced  to  faulty  construction  at  the  braced  support  which 
clamps  the  lock  joint. 

("opper  pipe  lines  may  be  too  costly  to  permit  the  installation  of 
more  than  one  line  per  transmitter.  In  such  cases  a  selector  switch  is 
required  if  several  antennas  are  to  be  associated  with  one  transmitter. 
Some  of  the  details  of  such  a  switch  may  be  obtained  from  the  experi- 
mental arrangement  shown  in  P'ig.20. 

The  switch  is  an  irregularity  on  the  line  and  a  source  of  undesired 
reflections.  This  difficulty  may  be  corrected  by  making  the  design  such 
that  capacitive  reactance  of  the  switch  predominates  and  then  anti- 
resonating  this  reactance  with  a  suitable  inductance.  This  scheme  is 
effective  provided  the  irregularity  is  not  too  great.  In  the  latter  event 
the  corrective  coil  transforms  the  load  impedance  to  a  value  different 
from  the  surge  impedance  so  that  the  reflections  arising  from  the  mis- 
match are  more  serious  than  from  the  switch  alone. 

VH.  Other  Applications  of  Transmission  Lines 

In  this  section  are  described  a  number  of  transmission  line  applica- 
tions to  radio  work  some  of  which  are  feasible  only  at  high  frequencies 
because  the  wave-length  is  short. 

Small  concentric  lines  approximately  3/8-inch  in  diameter  may  be 
employed  as  radio-frequency  wiring  in  radio  stations.  Such  lines 
owing  to  the  flexibility  of  the  tubing  may  be  snaked  behind  partitions 
in  very  much  the  same  manner  that  armored  or  leaded  conductors  are 
installed.  For  this  purpose  refrigerator  tubing  has  been  found  desir- 
able because  it  is  flexible  and  because  it  may  be  procured  in  long  lengths. 
The  inner  conductor  is  insulated  from  the  sheath  by  means  of  small 
porcelain  beads  spaced  at  intervals  of  approximately  one  inch.  The 
beads  are  held  in  position  by  small  metal  ears  extruded  from  the  inner 
conductor.  The  beads  fit  loosely  in  the  inner  conductor  so  that  the 
line  may  be  bent  into  arcs  as  small  as  six  inches  radius.  Construction 
details  for  small  concentric  lines  may  be  obtained  from  Fig.  21. 

Lines  constructed  from  refrigerator  tubing  may  be  buried  in  the 
ground.  Since  only  a  few  splices  are  necessary  the  possibility  of  faults 
arising  from  water  seeping  into  the  line  are  correspondingly  small.  A 
buried  line  constructed  in  this  manner  has  been  in  service  for  more  than 
a  year  without  developing  faults. 

A  number  of  the  above-described  lines  may  be  terminated  upon  a 
jack  board  and  circuits  set  up  with  patch  cords  as  in  telephone  prac- 
tice. Of  course,  the  beads  in  the  patch  cords  may  be  more  closely 
spaced  to  assure  flexibility  and  freedom  from  short  circuits.     The 
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Fig.  21 — Details  of  construction  for  small  concentric  lines  suitable  for  station 
wiring  and  for  patch  cords.  The  plug-and-jack  union  is  an  effective  scheme  for 
temporarily  connecting  two  small  lines. 


I 


Fig.  22 — An  experimental   radio-frequency  jack  board  terminal  for  small  con- 
centric-tube lines.     Path  cords  are  constructed  in  the  manner  depicted  in  Fig.  21. 
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scheme  is  particularly  advantageous  where  for  operating  reasons  it  is 
useful  to  connect  any  station  antenna  to  a  particular  receiving  unit. 
A  board  set  up  for  this  purpose  is  shown  in  Fig.  22. 

Concentric-tube  lines  may  be  employed  as  standards  of  resistance 
when  other  standards  become  questionable.     Since  the  agreement  be- 
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F"ig.  23 — A  scheme  for  obtaining  a  calculable  radio-frequency  resistance  standard 
which  is  essentially  nonreactive  and  which  is  adjustable  over  wide  limits  of  re- 
sistance. 


tween  theoretical  and  experimental  values  of  radio-frequency  resist- 
ance has  been  found  very  good  at  frequencies  at  high  as  20  megacycles 
the  theory  may  be  considered  adequate  for  much  higher  frequencies. 
One  scheme  for  utilizing  this  situation  so  as  to  obtain  an  adjustable 
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radio-frequency  resistance  will  be  described.  The  scheme  utilizes  the 
resonant  properties  of  a  section  of  concentric-tube  line  of  which  the 
inner  conductor  is  one-half  wave-length  long.  The  required  resistance 
is  obtained  by  a  connection  to  the  proper  position  on  the  inner  con- 
ductor. The  device  is  illustrated  schematically  on  Fig.  23.  It  may  be 
seen  from  the  curves  on  this  figure  that  the  device  is  a  means  for  ob- 
taining a  variable  resistance  which  for  most  practical  purposes  is  non- 
reactive.  Additional  advantages  are  that  the  device  is  rugged  and  that 
it  may  be  designed  to  dissipate  an  appreciable  amount  of  power. 

For  the  purpose  of  testing  transmitters  and  for  other  purposes  in 
which  the  terminating  network  is  required  to  dissipate  several  kilo- 
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Fig.  24 — The  curve  gives  the  attenuation  in  decibels  for  a  balanced  600-ohm  line 
constructed  from  No.  6  B  &  S  iron  wire. 

watts,  an  iron  wire  line  has  been  found  to  be  of  considerable  utility. 
An  iron  wire  line  has  the  advantage  that  its  impedance  is  almost  inde- 
pendent of  the  frequency  provided  that  the  length  of  the  line  is  suffi- 
cient. This  impedance  is  very  closely  the  characteristic  impedance  of 
the  line.  The  far  end  of  the  line  may  be  left  either  opened  or  closed. 
For  operation  at  some  one  frequency  the  input  impedance  may  be  made 
more  nearly  equal  to  the  characteristic  impedance  by  means  of  a  ter- 
mination at  the  far  end.  For  this  purpose  the  scheme  employing  a 
short  length  of  line  as  a  parallel  transforming  impedance  has  been 
found  very  convenient. 
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An  experimental  attenuation  curve  for  a  600-ohm  line  comprising 
0.162-inch  iron  wire  conductors  is  given  in  Fig.  24.  The  current  enter- 
ing the  line  was  approximately  one  ampere.  The  measured  resistivity 
for  the  iron  is  12,300  e.m.u.  The  attenuation  could  be  explained  upon 
the  basis  that  the  permeability  is  92.2o  This  is  not  an  unreasonable 
value.  In  fact  it  may  be  very  desirable  to  obtain  the  permeability  of 
iron  at  radio  frequencies  by  forming  the  material  into  a  transmission 
line  and  observing  the  line  attenuation  and  direct-current  resistance. 

An  iron  wire  line  1600  feet  long  has  been  in  use  at  the  Deal  Labor- 
atories for  several  years  for  the  purpose  of  testing  transmitters.  This 
line  successfully  dissipates  15  kw.  at  20  megacycles. 

MIL  Conclusion 

In  conclusion  a  few  remarks  on  the  relative  utility  of  open-wire  and 
concentric-tube  lines  may  assist  in  selecting  the  most  desirable  con- 
struction for  a  particular  service.  A  definite  discrimination  between 
the  two  is  not  readily  made  because  the  economics  of  the  entire  radio 
plant  are  involved. 

Concentric  lines  are  more  costly  than  open-wire  lines.  On  the  other 
hand,  concentric  lines  permit  the  installation  of  a  number  of  radio 
units  within  a  single  structure  without  incurring  difficulties  from  cross- 
talk. The  first  cost  and  annual  charges  upon  a  compact  installation 
may  more  than  offset  the  cost  of  the  lines  when  compared  with  an  in- 
stallation comprising  several  widely  separated  structures.  Also,  con- 
centric lines  may  be  constructed  so  as  to  be  weatherproof. 

There  is  little  choice  between  the  losses  in  open  and  concentric  lines 
provided  that  a  reasonable  degree  of  current  balance  in  the  open-wire 
lines  is  maintained.  In  order  to  obtain  balances  the  open-wire  line 
terminal  equipment  both  at  the  antenna  and  at  the  radio  unit  ends  of 
the  line  must  be  carefully  designed.  The  chief  source  of  current  un- 
balance difficulties  resides  in  couplings  between  the  antenna  and  an 
open-wire  line.  These  may  be  materially  reduced  but  cannot  be  com- 
pletely eliminated.  Another  source  may  be  unbalances  with  respect  to 
neutral  at  the  radio  unit. 

Complete  isolation  of  the  antenna  from  the  line  can  only  be  obtained 

with  shielded  lines.     Similarly,  complete  isolation  from  static  and  other 

noise  sources  for  which  discrimination  by  the  antenna  is  obtained  can 

only  be  effected  by  shielded  lines.     This  is  particularly  important  in 

reception.     In  this  case  small  concentric-tube  lines  with  losses  as  much 

as  2  db  per  1,000  feet  may  be  used  provided  that  the  noise  level  is 

reduced  by  a  corresponding  amount. 

-"  P.  P.  Cioffi,  Bell  Telephone  Laboratories,  New  York  City,  found  an  initial 
permeability  of  95  for  a  sample  of  the  above  wire. 
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Appendix 
The  following  formulas  for  the  power  radiated  by  transmission 
lines  were  obtained  by  the  conventional  method  of  postulating  the 
current  distribution,  calculating  the  electromagnetic  fields  and  from  the 
fields,  the  associated  radiation  by  means  of  Poyn ting's  theorem.  As 
an  independent  check  the  same  current  distribution  was  postulated  and 
the  radiated  power  calculated  following  the  methods  of  Pistolkors^^  and 
Bechman.^^ 

Case  I 

An  approximation  for  a  line  terminated  in  its  characteristic  im- 
pedance is  a  balanced  two-wire  line  carrying  a  non-attenuated  traveling 
wave.     For  this  case  the  power  radiated  is: 


Pi  =  120/2 


log,  (2L)  -  Ci{2D  +  ^^^2Zr  ^  ^'^^^^^  ~  ^ 


,,..,,,    ,   sin  A       sin  (VL^  -\-  A^  -  U  ^  sin  (VL^  +  A""  +  L) 
2Ct{A)  -\- 


A  2VL2  -f  A^ 


watts,  (Ij 


-f-  Cii^U  -\-  A'~  -  L)  -{-  Ci{<U  +  ^2  ^  L) 

in  which 

.         lira 

_27rZ 

^  "X' 

-  =  line  spacing  in  wave-lengths, 

A 

-  =  line  length  in  wave-lengths, 

A 

/  =  r.m.s.  value  of  current  in  each  wire,  and 
Ci{  )  =  cosine  integral. ^^ 

The  equation  simplifies  considerably  if  it  is  assumed  that  a/\  is 

small  so  that: 

sin  ^  ^  A  and  L>  y4, 

"  A.  A.  Pistolkors,  Proc.  L  R.  E.,  p.  562,  March,  1929. 
22  R.  Bechman,  Proc.  L  R.  E.,  p.  461,  March,  1931. 
^^  See  Jahnke  und  Emde,  "Funktionentafehi." 
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Pi  =  160/2  (         )   ^^atts 
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(la) 


The  numerical  constant  in  (la)  differs  somewhat  from  a  result  pub- 
lished some  time  ago  by  Carson.-' 

Case  II 

An  approximation  for  an  unterminated  line  is  a  balanced  two-wire 
line  bearing-  standing  waves  of  the  form: 


/x  =  /  cos 
For  this  case  the  power  radiated  is 


~)r^~>r  J 


Po  -  60/2 


sin  L 


log,  (2L)  -  COIL)  +  2  cos  M  cos  (L  -  il/)  — y-  +  0.5772 


-  2Ci{A)  +  ^^  [cos2  .1/  +  cos2  (L  -  M)^ 


-  cos2  .1/  -  cos2  (L  -  M)  -  2  cos  M  cos  (L  -  M) 
+  Ci{^U  +  .42  -  L)  +  a(VL'  +  A^  +  L) 


sin  VL2  +  ^2 

VL2  +  ^2 

watts,  (2) 


in  which  .1/  =  2irm/\. 

If  as  before  it  is  assumed  that  the  spacing  is  small  and  the  line  long 
the  equation  reduces  to  the  following  cases: 

Case  II-A 

When  the  current  is  zero  at  both  ends  of  the  line,  then, 

sin  L  =  0     and     sin  il/  =  ±  1 
and  the  radiated  power  is: 


Po  =  120/2 


watts. 


(2a) 


This  agrees  with  a  result  published  by  Manneback.^" 

2*  John  R.  Carson,  Jour.  A.  I.  E.  E.,  p.  789,  October,  1921. 

^  Charles  Alanneback,  Jour.  A.  I.  E.  E.,  p.  95,  February,  1923. 
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Case  II-B 

When  the  current  is  zero  at  one  end  and  maximum  at  the  other  end 

of  the  line,  then, 

sin  al/  =  ±  1  and  cos  L  =  0 

or  cos  .1/  =  1  and  sin  L  =  ±  1 
and  the  radiated  power  is: 

P^  =  80P  ("^Y watts.  (2&) 

Case  II-C 

When  the  current  is  maximum  at  each  end  of  the  line,  then, 

sin  il/  =  0     and     cos  L  =  ±  1 

and  the  radiated  power  is: 


P2  =  40/2  (  y  j  watts.  (2c) 

The  approximation  for  the  power  radiated  by  unbalanced  currents 
is  essentially  the  case  of  a  long  wire  parallel  to  a  perfect  earth.  The 
approximation  may  be  obtained  from  (2)  by  assuming  that  power  is 
radiated  only  in  one  hemisphere,  which  divides  the  numerical  constant 
by  a  factor  of  two  and  by  writing  for  a  the  quantity  2/?,  h  being  the 
height  of  the  wire  above  ground.  Equation  (7)  of  the  paper  is  written 
on  the  basis  that  (sin  M  =  ±  1). 

It  is  of  interest  to  compare  some  of  the  above  results  with  those  for 
the  case  of  a  single  conductor  far  removed  from  reflecting  surfaces. 
If  the  wire  is  excited  so  as  to  bear  standing  waves  of  /  r.m.s.  amperes 
maximum  value  the  radiated  power  is: 

P,  =  30/2     0.5772  +  log,  (2L)  -  COIL)  -  cos^  M  -  cos^  (L  -  M) 

+  2  cos  M  cos  (L  -  M)  ^-^j^  1  watts.       (3) 

If  the  wire  is  "terminated"  so  that  there  are  no  reflections  from  the 
ends  a  uniform  current  of  /  r.m.s.  amperes  may  be  assumed  to  exist 
along  the  wire.     In  this  case  the  power  radiated  is: 


P4  =  60/- 


0.5772  -  1  +  log,  (2L)  -  Ci{2L)  +  ^^^1  watts.       (4) 


An  Efficient  Miniature  Condenser   Microphone   System  * 

By  H.  C.  HARRISON  and  P.  B.  FLANDERS 

It  has  been  shown  recently  that  microphones  and  contiguous  amplifiers 
distort  the  sound  field  in  which  they  are  placed  by  reason  of  their  size  and 
the  cavity  external  to  the  diaphragm  of  the  microphone.  For  frerjuencies 
such  that  the  size  is  large  compared  to  the  wave-length  of  perpendicularly 
incident  sound,  reflection  causes  the  actuating  pressure  to  be  double  that 
which  would  exist  in  the  undisturbed  field.  If  the  direction  of  the  incident 
sound  be  along  the  plane  of  the  diaphragm,  the  increase  of  pressure  due  to 
reflection  is  not  as  great;  but  there  may  be  a  substantial  reduction  in 
effective  pressure  due  to  differences  in  phase  across  the  diaphragm.  In 
addition,  cavity  resonance  produces  an  increase  of  pressure  at  frequencies 
usually  within  the  working  range  of  the  microphone. 

This  paper  describes  a  laboratory  model  of  a  Wente-type  condenser 
microphone  of  high  efficiency  and  an  associated  coupling  amplifier  which 
are  of  such  small  size  that  reflection  and  phase-difference  effects  are  of 
negligible  importance  within  the  audible  frequency  range;  while  the  cavity 
is  so  proportioned  that  its  resonance  effect  is  an  aid  rather  than  a  detriment 
to  uniformity  of  response  in  a  constant  sound  field. 

SEVERAL  writers  ^  have  recently  called  attention  to  the  fact  that 
a  microphone  distorts  the  sound  field  in  which  it  is  placed  by 
reason  of  its  size  and  the  cavity  external  to  the  diaphragm.  The 
distortion  due  to  size  was  first  mentioned  by  I.  B.  Crandall  and 
D.  MacKenzie  in  1922. ^  It  is  a  function  of  the  direction  of  the  sound 
with  respect  to  the  diaphragm.^  The  distortion  due  to  cavity  reso- 
nance is  substantially  independent  of  direction  and  depends  mainly 
on  the  relation  between  the  dimensions  of  the  cavity  and  the  wave- 
length of  sound. 

If  a  microphone  were  to  be  designed  so  that  it  would  respond 
uniformly  to  sound  coming  from  any  direction,  it  is  apparent  that 
first  the  size  would  have  to  be  diminished  to  such  an  extent  that 
reflection  and  phase-difference  effects  became  negligible.  Secondly, 
the  cavity  would  either  have  to  be  eliminated  entirely  "*  or  else  be  so 
proportioned  that  resonance  occurred  at  frequencies  above  the  reso- 
nance frequency  of  the  diaphragm,  where  the  response  of  the  latter 
was  diminishing.  Such  mutual  compensation  is  possible  in  a  small 
microphone  and  the  effect  is  substantially  independent  of  the  direction 
of  sound. 

*  Presented  before  Acous.  Soc.  Amer.,  New  York,  N.  Y.,  May  3,  1932. 

lA.  J.  Aldridge  in  P.  0.  E.  E.  Jour.,  Oct.,  1928,  pp.  223-225;  S.  Ballantine  in 
Phys.  Rev.,  Dec,  1928,  pp.  988-992;  VV.  West  in  /.  E.  E.  Jour.,  1929,  pp.  1137-1142. 

^Phys.  Rev.,  March,  1922. 

3L.  J.  Sivian  in  B.  S.  T.  J.,  Jan.,  1931    pp.  96-116. 

^  S.  Ballantine  in  "  Contributions  from  the  Radio  Frequency  Laboratories," 
No.  18,  April  15,  1930. 
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This  paper  will  discuss  the  factors  relating  the  dimensions  of  a 
condenser-type  microphone  system  with  the  several  types  of  field 
distortion,  and  will  describe  a  miniature  system  designed  to  practically 
eliminate  such  distortions  over  a  wide  frequency  range. 

Diffraction  of  Sound  Around  an  Obstacle 
The  shapes  of  condenser  microphones  alone  or  in  association  with 
amplifiers  are  so  irregular  that  it  is  impossible  to  calculate  their  effect 
as  diffractors  of  sound  waves.  It  will  suffice,  however,  to  assume 
some  regular  shape  approximating  actuality,  for  which  calculations 
can  be  made.  The  diffraction  effects  so  obtained  for  the  regular  shape 
will  be  substantially  the  same  as  those  caused  by  the  actual  irregular 
shape,  provided  their  areas  projected  on  the  plane  of  the  incident 
sound-waves  be  equal.  Cavity  resonances,  of  course,  may  be  quite 
different  in  the  two  cases.  But  these  can  be  treated  as  separate 
effects,  and  will  be  so  considered  in  a  later  section  of  the  paper.  In 
this  section,  only  those  disturbances  of  the  sound  field,  caused  by  the 
smooth  envelope  of  the  microphone  alone  or  with  its  amplifier,  will 
be  considered. 

The  case  of  diffraction  of  plane  sound  waves  around  a  spherical 


Fig.  1 — X'ariation  in  pressure  on  rigid  sphere  due  to  diffraction  of  plane  sound  waves. 
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obstacle  is  amenable  to  mathematical  treatment,  and  was  considered 
theoretically  by  Raleigh.  Quantitative  consideration  of  the  effect  at 
a  point  on  a  sphere  directly  in  line  with  the  oncoming  sound  has  been 
given  by  S.  Ballantine.'  Fig.  1  shows  the  effect  for  other  polar 
angles  around  the  sphere,  as  computed  from  Ballantine's  equation. 
Of  particular  theoretical  interest  is  the  curve  for  a  polar  angle  of 
180°;  that  is,  the  point  that  should  be  most  completely  "shadowed" 
from  the  sound.  Actually,  no  shadowing  effect  appears,  the  pressure 
remaining  substantially  equal  to  that  of  the  undisturbed  field.  This 
case  is  analogous  to  that  where  diffraction  of  light  causes  a  bright  spot 
to  appear  in  the  center  of  the  shadow  of  a  circular  disk.  The  area  of 
this  acoustic  bright  spot  is  small,  as  may  be  seen  by  the  pronounced 
shadowing  of  a  point  only  22^°  away.  Because  of  its  small  area, 
it  is  impractical  to  make  use  of  the  effect  in  microphone  design. 

Effect   of    Phase-Shift   in   a    Plane   Sound   Wave   Traveling 
Along  the  Plane  of  the  Diaphragm 
In  Appendix  I  is  given  an  approximate  calculation  of  the  reduction 
in  effective  pressure  on  a  circular  diaphragm,  due  to  the  change  in 


Fig.  2 — Loss  in  effective  pressure  due  to  phase-shift  in  plane  sound  waves  travehng 
across  circular  diaphragm. 

phase  of  a  progressive  plane  wave  traveling  across  it.     The  effect  is 
plotted  in   Fig.   2.     As  might  be  expected,   the  reduction  becomes 
'  Loc.  cit. 
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considerable  when  the  diameter  of  the  diaphragm  exceeds  the  wave- 
length. Since  in  normal  use,  a  large  proportion  of  the  sound  actuating 
the  microphone  comes  in  a  transverse  direction,  the  distortion  due  to 
this  phase-cancellation  effect  may  often  be  more  serious  than  the 
distortion  due  to  diffraction. 

Cavity  Resonance 
The  effect  of  a  cylindrical  cavity  on  the  pressure  actuating  a  dia- 
phragm is  given  by  equation  (5)  in  Appendix  II  and  is  shown  graphi- 
cally in  Fig.  3.     It  is  apparent  that  the  larger  the  ratio  of  diameter 
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Fig.  3 — Gain  in  effective  pressure  on  circular  diaphragm  due  to  cavity  resonance. 

to  wave-length,  the  smaller  is  the  resonance  effect;  and  that  the  greater 
the  ratio  of  a  given  diameter  to  the  depth  of  the  cavity,  the  higher  the 
frequency  at  which  such  resonance  occurs.  There  is,  of  course,  more 
than  one  resonance.  However,  for  the  higher  resonances  there  is  a 
greater  ratio  of  diameter  to  wave-length  with  a  consequent  increase  in 
damping;  so  that  the  resonance  effect  is  less  pronounced.  Compared 
to  the  primary  resonance,  the  secondary  resonances  are,  as  a  rule, 
of  negligible  importance. 

Acoustic  and  Electrical  Considerations  Affecting  the  Size 
OF  A  Condenser  Microphone 
If  diffraction  effects  for  all  angles  of  incidence  are  to  be  negligible 
in  a  frequency  range  extending,  for  example,  to  15,000  c.p.s.,  it  is 
apparent  from  Fig.  1  that  the  diameter  of  the  microphone  should  not 
be  greater  than  about  a  tenth  of  an  inch.  Assuming  that  all  other 
dimensions  and  characteristics  remain  fixed,  including  the  resonance 
frequency  of  the  diaphragm  and  the  ratio  of  dead  to  active  capacity, 
it  can  be  shown  that  as  the  diameter  of  a  condenser  microphone 
diaphragm  is  decreased,  the  ratio  of  generated  voltage  to  actuating 
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pressure  remains  constant.  The  diameter  can  not  be  decreased 
indefinitely,  however,  because  of  the  limitations  of  amplifiers  with 
which  the  condenser  microphone  must  of  necessity  be  closely  associ- 
ated. The  resistor  for  feeding  the  polarizing  voltage  and  the  grid 
biasing  resistor  must  be  increased  as  the  diameter  of  the  diaphragm 
(and  consequently  the  active  capacity)  is  reduced,  in  order  that,  at 
low  frequencies,  the  same  proportion  of  generated  voltage  may  get 
to  the  grid  of  the  amplifier  tube.  They  must  not  be  made  too  large, 
however,  for  then  the  voltages  due  to  thermal  agitation  ^  in  the 
resistors  will  become  comparable  to  the  signal  voltage.  Similarly, 
the  capacity  of  the  input  leads,  vacuum  tube  and  resistors  will  become 
comparable  to  the  lowered  capacity  of  the  microphone,  with  a  conse- 
quent reduction  in  signal  voltage  at  the  grid,  over  the  whole  frequency 
range.  The  actual  limit  in  reducing  microphone  size  can  not  be 
defined  accurately;  but  it  is  definitely  greater  than  one-tenth  of  an 
inch. 

Further  consideration  of  the  diffraction  problem,  however,  shows 
that  such  an  extremely  small  size  is  not  really  necessary  in  order  to 
practically  eliminate  sound-field  distortion.  When  sound  is  picked 
up  indoors  at  some  distance  from  the  source,  the  directly  incident 
sound  contributes  much  less  to  the  microphone  output  than  does  the 
reflected  sound  arriving  from  other  angles  of  incidence.^  The  greater 
part  of  the  effective  actuating  pressure  comes  then  at  polar  angles  in 
the  vicinity  of  90°,  where  the  diffraction  effect  is  much  less  pronounced. 
If  90°  be  taken  as  an  effective  average  angle,  it  is  seen  from  Fig.  1 
that  the  diameter  of  a  microphone  need  only  be  reduced  to  about 
six-tenths  of  an  inch  in  order  to  make  this  type  of  distortion  negligibly 
small. 

If  sound  is  picked  up  out-of-doors,  or  indoors  near  the  source, 
the  directly  incident  waves  predominate  over  the  reflected  waves. 
For  this  case  it  will  suffice  to  place  the  microphone  so  that  the  sound 
arrives  at  a  polar  angle  of  90°;  and  a  six-tenths  inch  diameter  is  still 
sufficiently  small. 

Inspection  of  Fig.  2  shows  that  the  phase-difference  loss  is  about 
1  db  at  10,000  c.p.s.  for  this  diameter;  so  that  six-tenths  of  an  inch 
can  safely  be  chosen  as  an  acceptable  design  value. 

The  Amplifier 

Consideration  has  now  been  given  to  the  problem  of  reducing  the 

size  of  a  microphone  to  such  an  extent  that  it  would  not  appreciably 

disturb  the  sound-field.     But  all  such  labor  is  in  vain  if  the  size  of 

^  J.  B.  Johnson,  Phys.  Rev.,  July,  1928,  pp.  97-109. 
^  Loc.  cit. 
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the  coupling  amplifier  be  not  correspondingly  decreased,  since,  for 
efficient  operation,  the  high  impedance  of  the  microphone  necessitates 
a  close  spacial  coupling  between  the  two. 

Use  of  a  special  miniature  type  vacuum  tube  affords  the  possibility 
of  materially  reducing  the  size  of  the  coupling  amplifier.  It  is  but 
slightly  greater  in  diameter  than  the  microphone  just  described,  the 
inter-electrode  capacities  are  quite  low,  and  the  plate  resistance  is  not 
too  high.  This  tube,  with  the  necessary  coupling  resistors  and  a 
small  stoppage  condenser  are  placed  within  a  cylindrical  metal  tube 
of  about  0.8  inch  diameter,  to  one  end  of  which  is  attached  the  con- 
denser microphone.  From  the  other  end  of  the  cylinder  extends  a 
shielded  cable  along  the  axis  of  which  runs  the  plate  lead  from  the 
vacuum  tube.  This  cable  is  constructed  so  that  the  capacity  of  the 
lead  to  ground  is  small.  Surrounding  the  lead  are  two  filament 
supply  conductors  and  a  conductor  for  supplying  polarizing  voltage 
to  the  microphone.  The  impedance  between  these  and  ground  being 
very  small,  their  capacity  to  ground  may  be  as  large  as  desired. 
Of  course,  the  longer  the  connecting  cable,  the  lower  must  be  the 
capacity  of  the  plate  lead  per  unit  length.  The  second  stage,  to 
which  the  cable  runs,  may  be  large,  and  as  distant  from  the  miniature 
first  stage  as  is  consistent  with  these  lead  capacity  requirements. 


Fig.  4— Mew  of  miniature  microphone  and  attached  miniature*  coupling  aniphfier, 
together  with  second  amplifier  stage. 
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The  miniature  microphone  and  the  miniature  vacuum  tube  with  neces- 
sary coupHng  resistors  and  a  stoppage  condenser  are  contained  in  the 
metal  tube  shown  in  the  right  foreground  of  Fig.  4.  The  dimensions 
of  the  container  tube  are  about  7.5  inches  long  and  0.8  inch  in  di- 
ameter. The  carrying  case  houses  the  second  stage  ampUfier  together 
with  other  accessories. 

CONCLUSION 

For  the  same  frequency  range,  the  efficiency  of  this  miniature 
microphone  as  determined  by  a  thermophone  calibration  is  about 
2.5  db  greater  than  that  of  the  394W  type,  because  of  a  lower  pro- 
portion of  dead  to  active  capacity.  In  combination  with  a  well 
designed  amplifier,  the  efficiencies  as  determined  by  the  voltages  on 
the  grid  of  the  tube  are  about  equal,  most  of  the  proportional  contribu- 
tion to  dead  capacity  in  the  one  case  coming  from  the  amplifier, 
and  in  the  other  case  from  the  microphone. 

In  this  miniature  condenser  microphone,  the  diaphragm  is  tuned 
higher  than  is  the  394W,  so  that  the  efficiency  in  association  with  the 
amplifier  is  about  3  db  lower  than  that  of  the  394W.  The  resonance 
of  the  external  cavity  gives  a  maximum  lift  in  response  of  about  3  db. 
The  microphone  as  a  whole  responds  uniformly  up  to  10,000  c.p.s. 
The  diffraction  and  phase-difference  effects  are  negligible  up  to  that 
frequency. 
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Fig.  5 — Pressure  and  field  calibrations  of  miniature  condenser  microphone,  showing 

cavity  effect. 

Curves  showing  the  constant  pressure  and  constant  field  ^  calibra- 
tions of  this  microphone  are  given  in  Fig.  5. 

The  work  on  this  miniature  microphone  system  has  so  far  been 
essentially  of  a  research  nature,  and  its  use  has  been  directed  primarily 

^  Loc.  cit. 


458 


BELL   SYSTEM    TECHNICAL   JOURNAL 


to  fundamental  laboratory  problems  in  the  field  of  sound  measure- 
ments. The  necessary  work  toward  commercialization  has  not  been 
effected,  in  view  of  the  high  quality  performance  and  certain  practical 
advantages  of  available  types  of  microphones. 

APPENDIX   I 

For  a  stretched  membrane,  the  equation  expressing  the  statical 
deflection  ^  as  a  function  of  the  radius  r,  for  a  symmetrical  distribution 
of  pressure  p,  is  ^ 


(1) 


rdr\dr 


where  r  is  the  tension  coefficient.     Two  integrations  give 


(2) 


'HV.f. 


prdr 


dr, 


where  R  is  the  bounding  radius.     The  central  displacement  is  evidently 


(3) 


^0 


'i'U 


prdr 


dr. 


Now,  considering  the  case  of  a  progressive  plane  wave 

p  =  P  cos  (co/  —  kx) 
2x 


where  k  = 


]  traveling  across  this  membrane,  an  expres- 


wave-length 

sion  can  be  computed  for  the  average  pressure  on  the  boundary  of  the 
circle  of  radius  r.     From  Fig.  6  it  is  clear  that 

X  —  R  —  r  cos  6 


Fig.  6— 
*  See  Lamb's  "  Dynamical  Theory  of  Sound,"  §  54. 
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and  hence  that 

p  =  P  cos  [(co/  -  kR)  +  kr  cos  dj 

=  P[cos  (co/  -  kR)  cos  {kr  cos  9)  -  sin  (co/  -  ^i?)  sin  {kr  cos  0)]. 

The  average  pressure  is 

1  r" 

P  COS  (co/  -  /^i?) 


I      COS  {kr  COS  0)rf^ 

P  sin  (co/  -  /^i?) 


(sin  {k 


r  cos 


Here  the  seccjnd  integral  is  zero,  while  the  first  may  be  written 

/)av  =  ^^  COS  (co/  —  kR)  I       COS  (^r  COS  6)dd 
^  Jo 

0  p  /^'r/2 

=  ±11  COS  (co/  -  y^i?)  cos  (^r  sin  e)dd 

^  Jo 

and  is  readily  identified  as  a  Bessel  function. 

(4)  ^av  =  P  COS  (co/  -  kR)Jo{kr). 

Substitution  of  (4)  in  (3)  gives  an  approximation  to  the  total  effect 
(on  the  central  displacement)  of  these  average  pressures  acting  over 
the  whole  diaphragm. 


(5) 
Now 

and 

so  that 
(6) 


^c 


P  COS  (co/  — 


r  J„{kr)rdr  =  -yJiikr) 
Jo 

r^Mkr)dr  =  ^,li  -J,{kR)2 


P  cos  (co/  —  kR)  p.         J  /,  D\-i 
lo  =  -^ [1  -  /o(^^)]. 


The  displacement  when  R  is  small  compared  to  the  wave-length,  i.e. 
y^  =  Ois 

c  /        PR^  cos  co/ 

(7)  {.'  =  -t; 
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The  ratio  of  (6)  to  (7)  in  amplitude  is 

4[1  -  JoikR):\ 


(8) 


{kRy 


which  is  plotted  as  db  loss  vs.  kR  in  Fig.  2. 

There  are  two  approximations  involved  in  this  analysis,  both 
involving  equation  (3).  One  is  that  for  p  (which  should  be  constant 
for  a  given  r),  can  be  taken  the  average  of  the  actual  pressures  around 
the  circle  of  radius  r.  The  other  is  that  the  shape  of  the  static  deflec- 
tion curve  represents  the  actual  shape  up  to  the  highest  frequencies 
of  interest  in  (8). 

APPENDIX   II 

Assuming  (1)  that  the  air  particles,  in  the  plane  of  the  entrance  to 
the  cavity,  all  move  in  phase  with  equal  velocities  Vi  which  are  normal 
to  that  plane,  and  (2)  that  the  impedance  per  unit  area  of  the  micro- 
phone diaphragm  is  large  compared  to  pc,  where  p  is  the  density  of 
air  and  c  is  the  velocity  of  sound,  the  following  three  relations  hold: 
From  the  theory  of  plane  wave  propagation  in  a  tube, 

(1)  p2  =  pi  cos  kl  —  ipcvi  sin  kl 

where  pi  is  the  pressure  in  the  plane  of  the  entrance  to  the  cavity  of 
depth  /  and  p2  is  the  pressure  at  the  diaphragm.  Also,  the  input 
impedance  per  unit  area  of  this  closed  cylindrical  tube  is 

Pi 

(2)  ^  =  —  ipc  cot  kl. 

Now  pi  is  equal  to  the  pressure  P  that  would  exist  at  the  opening  if 
the  air  particles  were  held  stationary,  diminished  by  the  drop  in 
pressure  due  to  their  motion  and  the  consequent  radiation  from  the 
opening.     In  symbols, 

(3)  pi  =  P  -  pc{a  +  ih)vu 

where  (a  -\-  ib)  is  the  radiation  impedance  coefficient  given  by  Raleigh  ^ 
for  the  case  of  a  circular  piston  in  an  infinite  wall : 

,        Ji(2kR) 
^  =  ^--jR~' 

.  =  ^E(2n+l)(^y(-4.^i^^)-. 

■>  "Theory  of  Sound,"  Vol.  II,  §  302. 


MINIATURE    CONDENSER    MICROPHONE   SYSTEM 
Elimination  of  pi  and  Vi  from  the  first  three  equations  gives 


461 


(5) 


=  V(cos  kl  —  b  sin  kiy  +  a^  sin^  kl 


as  the  expression  for  the  change  in  acoustic  pressure  on  a  diaphragm, 

caused  by  the  entrance  cavity.^     It  is  plotted  as  db  gain  in  Fig.  3. 

Similar  calculations  have  been  given  by  other  writers.'-  ^ 

*  Numerical  values  of  the  functions  a  {kR)  and  b{kR)  are  given  in   Crandall's 
"Theory  of  \'ibrating  Systems  and  Sound,"  Fig.  19,  p.  172. 

3  LqC.  Clt, 

s  W.  West,  in  Jour.  I.  E.  E.,  April,  1930. 


Wire  Communication  Aids  to  Air  Transportation  * 

By  H.  H.  NANCE 

RAPID  development  of  air  transportation  in  this  country  has 
continued  through  the  past  few  years  and  today  estabUshed 
routes  connect  nearly  all  important  cities.  The  route  mileage  of  the 
airways  in  the  United  States  as  shown  in  Fig.  1  totals  over  30,000  miles. 
Regularly  scheduled  transport  service  is  given  on  practically  all  of  these 
routes  and  considerable  use  of  them  is  also  made  by  military  and 
private  planes.  Statistics  relating  to  service  of  air  transport  com- 
panies seem  particularly  significant.  The  United  States  Department 
of  Commerce  reported  approximately  42,800,000  miles  flown  in  pas- 
senger, mail  and  express  service  on  domestic  scheduled  lines  in  1931, 
an  increase  of  35  per  cent  over  the  preceding  year  and  more  than  a 
fourfold  increase  since  1928.  In  the  same  three-year  period  passen- 
gers carried  increased  ninefold,  reaching  a  total  of  around  470,000  in 
1931.  Along  with  this  growth  safety  has  been  increased  as  indicated 
by  the  respective  1928  and  1931  reports  of  250,000  and  750,000  miles 
flown  per  accident.  Reasonable  regularity  of  schedules  on  air  trans- 
port lines  also  has  been  maintained,  the  ratio  of  miles  actually  flown 
to  scheduled  miles  last  year  being  in  the  order  of  92  per  cent. 

Communication  facilities  have  been  an  important  contributing 
factor  to  all  this  development  and  improvement.  It  was  recognized 
early  that  fast  and  reliable  communication  would  be  needed  in  con- 
nection with  any  extensive  development  of  air  transportation.  Com- 
munication with  planes  in  flight  was  an  obvious  requirement  and  this 
could  be  provided  only  by  radio.  For  land  service,  however,  ex- 
perience has  indicated  that  wire  facilities  best  meet  the  general  require- 
ments. This  paper  describes  the  wire  communication  facilities  in  gen- 
eral use  today,  both  by  the  Government  and  by  transport  companies, 
as  aids  to  air  transportation. 

Principal  airways  have  been  established  largely  through  Federal  aid. 
In  addition  to  marking  and  lighting  airways  the  Airways  Division  of 
the  Department  of  Commerce  had  provided  up  to  April  1,  1932,  67 
radio  telephone  stations  at  approximately  200-mile  intervals  as  indi- 
cated in  Fig.  1,  to  be  used  for  broadcasting  weather  reports  and  similar 

*  Presented  at  Summer  Convention  of  A.  I.  E.  E.,  Cleveland,  Ohio,  June  20-24, 
1932,     Published  in  abridged  form  in  Elec.  Engg.,  July,  1932. 
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information  to  planes  in  flight  and  for  transmitting  directive  radio 
beacon  signals  for  enabling  planes  to  keep  on  the  course.  In  conjunc- 
tion with  these  services  it  had  contracted  for  24-hour  teletypewriter 
service  along  13,000  miles  of  main  airways  connecting  some  250  sta- 
tions, principally  for  the  purpose  of  transmitting  weather  reports  and 
to  assist  in  dispatching  the  planes.  All  of  these  facilities  have  been 
made  available  without  cost  to  aircraft  operating  companies  and  others 
using  the  airways. 

In  addition  to  this  communication  service  contracted  for  by  the 
Government,  approximately  5,000  miles  of  teletypewriter  circuit  are 
used  daily  in  furnishing  private  wire  communication  service  to  a 
number  of  transport  companies  for  transmitting  information  pertaining 
to  the  operation  of  their  own  lines.  Routes  on  which  these  facilities 
are  furnished  to  the  Government  and  transport  companies  are  indi- 
cated by  heavy  lines  in  Fig.  1 . 

When  the  first  air  mail  service  was  established,  radio  telegraph  was 
introduced  as  a  means  of  point-to-point  communication  along  the 
New  York-Chicago-San  Francisco  airway  route.  At  each  radio  station 
meteorological  data  were  collected  from  surrounding  points  by  means  of 
long  distance  telephone  and  telegraph  and  these  data  were  exchanged 
periodically  through  the  day  with  the  other  stations  over  the  radio 
telegraph. 

With  a  rapid  expansion  in  air  transport  service  foreseen  it  was  ap- 
parent there  would  be  a  large  increase  in  communication  requirements 
not  only  to  equip  new  routes  but  to  handle  increased  volume  on  existing 
routes.  There  was  the  definite  requirement  for  radio  telephone  com- 
munication with  planes  which  would  need  a  number  of  the  radio 
channels  allotted  to  this  service.  Considering  these  factors  and  the 
geographic  and  other  conditions  applying  to  probable  development  of 
air  transportation  in  the  United  States,  it  seemed  that  regular  point-to- 
point  service  served  by  radio  telegraph  could  be  provided  more  satis- 
factorily in  another  way. 

Arrangements  were  made  in  1928  for  teletypewriter  communication 
services  at  several  points  connecting  radio  stations  with  their  local 
weather  bureau  offices  in  order  to  expedite  the  delivery  of  weather  re- 
ports and  other  traffic  handled  by  radio  telegraph.  Shortly  afterward, 
a  teletypewriter  system  was  installed  on  the  New  York-Cleveland  route 
connecting  the  Department  of  Commerce  and  Weather  Bureau  stations 
at  Hadley  Field,  Stelton,  N.  J.,  and  Cleveland,  Ohio,  and  a  number  of 
intermediate  points.  This  type  of  service  seemed  ideally  fitted  for  use 
in  weather  reporting  and  plane  dispatching  and  has  been  extended  not 
only  to  replace  the  service  furnished  by  the  radio  telegraph  system  but 
also  to  provide  for  communication  requirements  on  other  routes. 
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Teletypewriter  service  offers  the  advantages  of  simultaneous  com- 
munication with  any  desired  number  of  stations,  the  communications 
being  automatically  recorded  on  machines  at  each  point.  A  message 
using  code  or  abbreviations,  if  desired,  can  be  sent  instantly  without 
the  necessity  of  calling  in  or  checking  with  the  receiving  stations;  thus 
the  immediate  attention  of  only  the  sending  operator  is  required. 
Automatic  recording  reduces  the  possibility  of  human  error  and  per- 
mits the  most  efficient  use  of  operating  personnel  with  resulting  savings 
in  labor.  Furthermore,  as  contrasted  with  radio,  this  system,  utilizing 
wire  transmission,  is  not  so  subject  to  variations  in  meteorological 
conditions;  it  is  thus  more  dependable,  and  has  the  advantage  that  it 
can  be  readily  extended  to  handle  large  volumes  of  business.  This 
system  also  is  well  adapted  for  carrying  on  administrative  and  other 
work  as  well  as  for  weather  reporting  and  plane  dispatching. 

Transmission  of  Weather  Reports 

Material  progress  has  been  made  in  reducing  the  effect  of  weather 
hazards  to  air  transportation,  through  the  service  rendered  by  the 
Department  of  Commerce  and  United  States  Weather  Bureau  in  the 
collection  and  dissemination  of  weather  reports  supplemented  by  other 
reports  collected  by  individual  transport  companies  from  planes  in 
flight.  For  this  service  a  s^^stem  of  practically  continuous  reporting 
and  forecasting  for  areas  along  air  routes  has  been  developed  and 
weather  observations  have  been  extended  to  include  data  of  particular 
benefit  to  air  navigation. 

The  teletypewriter  networks  furnished  the  Department  of  Commerce 
are  devoted  largely  to  this  purpose  and  in  conjunction  with  its  radio 
telephone  broadcasting  service  are  the  means  for  providing  to  pilots 
information  relating  to  existing  conditions  and  forecasts  for  both 
general  and  local  areas. 

Twelve  selected  Weather  Bureau  airport  stations  located  at  strategic 
points  in  the  country's  airway  network  prepare  summaries  of  weather 
conditions  in  their  own  areas  and  make  area  forecasts  every  three  hours 
based  on  data  collected  over  the  Department  of  Commerce  circuits 
from  connected  airway  stations  and  over  commercial  telegraph  lines 
from  other  reporting  points.  These  summaries  and  forecasts  are  then 
transmitted  over  the  teletypewriter  circuits  and  made  available  to  all 
airway  stations. 

While  the  forecasts  include  predictions  as  to  storm  developments 
or  movements,  conditions  in  specific  localities  are  often  likely  to  change 
rapidly  and  it  has  been  necessary  to  provide  additional  reports  along 
the  air  routes  on  an  hourly  basis  in  order  to  keep  pilots  continuously 
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advised  of  conditions  likely  to  be  encountered.  Consequently,  the  air- 
way keepers  and  Weather  Bureau  observers  at  the  various  teletype- 
writer stations  make  local  observations  of  general  weather  conditions, 
ceiling  height,  visibility,  wind  direction  and  velocity,  temperature, 
and  barometric  pressure,  every  hour.  These  data  are  then  sent  by 
teletypewriter  and  automatically  recorded  at  all  points  in  accordance 
with  a  predetermined  schedule,  which  is  coordinated  with  the  broadcast 
schedule  of  radio  stations.  Since  pilots  will  tune  in  on  particular 
stations  at  definite  times  to  obtain  reports  in  accordance  with  the 
broadcast  schedule,  it  is  important  that  the  schedules  be  closely 
adhered  to.  The  following  is  an  illustration  of  scheduled  weather 
reporting  along  the  Newark-Cleveland  route. 

At  42  minutes  past  the  hour  the  observers  will  begin  typing  their 
observations  on  the  circuit  beginning  with  the  Newark  station,  followed 
successively  by  Hadley,  Allentown,  Park  Place,  Numidia,  Sunbury, 
Winkleblech,  Bellefonte,  Kylertown,  Greenwood  Club,  Brookville, 
Mercer,  Parkman  and  Cleveland,  with  practically  no  interval  between 
the  completion  of  the  report  from  one  station  and  the  beginning  of  a 
report  from  the  next.  When  the  Cleveland  weather  observer  has 
completed  typing  his  report  a  complete  record  of  weather  conditions 
at  all  points  on  the  circuit  will  appear  on  the  teletypewriter  tape  at 
each  individual  station  and  in  the  radio  broadcasting  stations  located 
at  Hadley,  Bellefonte  and  Cleveland.     Fig.  2  shows  a  portion  of  an 


NK  CV  0642ES 

NK  OVC  LWR  BRKN  CLDS  OCNL  SPRKG  ETD  6  HND  2  1/2  NE  8  42  40  3010 

HW  OVC  LWR  BRKN  CLDS  SPRKG  HAZY  1  THSD  3  NE  5  42  3006 

AL  OVC  LT  RAIN  LT  FOG  ETD  6  HND  2  E  10  41  3006 

PL  DENSE  FOG  LT  RAIN  ZERO  ZERO  ESE  15  37  3006 

NU  OVC  LT  RAIN  HAZY  ETD  1  THSD  3  E  12  41 

SV  OVC  LT  RAIN  LT  FOG  ETD  12  HND  1  NE  9  43 

WK  DENSE  FOG  LT  RAIN  ZERO  ZERO  E  18  37  3004 

BF  OVC  LT  RAIN  8  HND  6  NE  6  43  43  2998 


I 


Fig.  2 — Teletypewriter  tape  with  portion  of  weather  sequence  report. 

actual  tape  record  of  an  hourly  report  along  the  Newark-Cleveland 
route  which  includes  the  stations  between  Newark  and  Bellefonte,  Pa. 
For  convenience  the  tape  has  been  cut  to  show  one  station  report  on 
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each  line.  First  the  starting  time,  0642  E.  S.,  which  is  6:42  a.m. 
Eastern  Standard  Time,  is  shown.  Each  reporting  station  in  sequence 
then  gives  its  code  letter  or  letters  and  follows  with  a  report  of  its 
observations.  An  interpretation  of  the  report  from  the  first  station  is 
"Newark,  overcast,  lower  broken  clouds,  occasional  sprinkling,  esti- 
mated ceiling  height  600  feet,  visibility  2>^  miles,  wind  velocity  8  miles 
per  hour,  direction  northeast,  temperature  42°,  dew  point  40°,  baro- 
metric pressure  30.10  in."  The  time  of  actual  transmission  for  all  14 
stations,  Newark  to  Cleveland,  is  generally  about  four  minutes. 

At  50  minutes  past  the  hour  the  three  radio  stations  will  interrupt 
the  beacon  signals  and  broadcast  the  reports  just  received.  Hadley 
station  transmits  the  weather  sequence  received  from  stations  between 
Newark  and  Bellefonte;  simultaneously,  the  Bellefonte  radio  station 
transmits  the  entire  sequence  received  from  all  points  between  Newark 
and  Cleveland,  and  the  Cleveland  radio  station  broadcasts  reports 
from  points  between  Bellefonte  and  Cleveland.  All  three  radio  sta- 
tions include  in  the  sequence,  reports  of  weather  at  Cleveland  and 
New  York.  The  range  beacons  are  not  interrupted  for  these  reports 
for  longer  than  two  minutes,  and  if  the  reports  require  a  longer  period 
the  beacon  signals  are  restored  for  one  minute  and  again  interrupted 
to  complete  the  reports. 

Based  upon  the  information  obtained  through  the  sequence  collec- 
tions, the  airway  weather  reporting  station  retransmits,  generally  by 
teletypewriter,  hourly  weather  reports  to  the  various  airway  operating 
companies'  offices  in  that  vicinity.  Airway  companies  maintain 
various  arrangements  for  posting  the  weather  information  for  the 
convenience  to  pilots.  Some  companies  post  the  information  on  a 
series  of  boards  of  different  color  arranged  in  geographic  sequence  to 
represent  different  airway  routes,  each  board  indicating  a  particular 
point  on  that  route. 

An  experimental  service  involving  the  transmission  of  weather 
summaries  in  map  form  has  been  tried  out  recently  at  Kansas  City, 
Chicago,  Cleveland,  Newark  and  Washington.  A  separate  circuit 
equipped  with  page  teletypewriters  at  each  of  these  points  was  pro- 
vided for  this  purpose.  The  weather  maps  were  prepared  at  Kansas 
City  and  Cleveland  every  three  hours.  A  typical  map,  the  notations 
of  which  were  transmitted  over  the  circuit  and  directly  printed  by  the 
teletypewriter,  is  shown  in  Fig.  3,  and  the  following  describes  briefly 
the  methods  used. 

Two  special  airways  maps,  ordinary  letter  width,  have  been  printed, 
one  map  covering  the  section  of  the  country  east  of  the  Mississippi 
River  and  another  the  section  west  to  the  Rocky  Mountains.  The 
maps  are  printed  in  ink  which  permits  hectographic  reproduction.     The 
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EXPLANATION    OF   SYMBOLS 


F-FOG 


-   GENERAL     CONDITIONS    - 

0-CLEAR  R  -  THUNDERSTORM 

(D-PT.  CLOUOV        R-RAIN 
ffi-   OVERCAST  5-  SNOW 

-  CEILING  - 

IN    HUNDREDS    OF    FEET 
U-  UNLIMITED 

-  VISIBILITY  - 

IN     MILES 


-  WIND     DIRECTION    - 

ARROWS     FLY       WITH      THE       WIND 
;N  tS  C-CALM 

Q-WIND     SHIFT 


•  NE  ^ SW 

«  E  «•  W 

■SS  E  *^NW 

-  WIND     VELOCITY  " 
IN    MILES     PER     HOUR 

-  TEMPERATURE    - 

IN     DEGREES      FAHRENHEIT 
EXAMPLE:-  39>0    CEILING      300  FT.,  OVERCAST,     VISIBILITY      10   mI. 

65^15    TEMP.     65°F,     WIND      S  W,        15   Ml.     PER      HOUR 


Pig   3— Weather  map,  the  notations  of  which  were  transmitted  and  directly  printed 
by  the  teletypewriter  system. 
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airways,  principal  airports,  and  cities  are  shown  on  tlie  map  and  in  the 
upper  left  corner  is  a  small  circle  used  as  a  coordinating  point. 

At  a  scheduled  time  the  operator  at  Kansas  City  or  Cleveland  inserts 
in  a  teletypewriter  equipped  for  perforating  tape  a  copy  of  the  map 
on  which  the  latest  weather  information  has  already  been  typed 
including  general  state  of  weather,  ceiling  height,  visibility,  tempera- 
ture, wind  direction  and  velocity  and  barometric  pressure  for  each 
point  and  isobars  connecting  points  of  equal  pressure.  The  sending 
operator  then  types  the  identical  symbols,  letters,  and  figures  directly 
over  the  corresponding  ones  on  the  map  inserted  in  his  machine, 
thus  making  a  complete  record  on  perforated  tape.  On  schedule  a 
blank  map  is  inserted  in  the  teletypewriter  at  each  receiving  point  and 
positioned  so  that  a  type  bar  will  strike  the  map  within  the  small 
coordinating  circle.  The  sending  operator  then  releases  the  tape  and 
the  signals  transmitted  over  the  circuit  reproduce  on  the  map  at  the 
receiving  stations  data  similar  to  those  on  the  original  map  at  the 
sending  station. 

The  map  data  are  sent  in  sequence  from  the  two  transmitting  stations 
and  after  they  have  been  received  on  the  map  forms  a  number  of 
duplicate  copies  can  be  run  ofif  immediately  and  the  two  maps  fitted 
together  if  desired.  The  maps  are  then  available  to  pilots  at  each  of 
the  respective  airports. 

Complete  reports  of  weather  are  generally  maintained  by  transport 
companies  in  dispatching  offices.  On  some  lines  two-way  short-wave 
radio  telephone  equipment  has  been  provided  for  communicating  with 
planes  and  periodic  contact  is  maintained  during  flight.  In  this  way 
pilots  report  their  positions  directly  to  dispatchers  and  in  addition 
supplementary  weather  data  are  usually  exchanged,  particularly  in 
respect  to  local  ceiling  heights  and  conditions  in  the  upper  air  strata. 

Plane  Dispatching  and  Other  Service 
Teletypewriter  circuits  furnished  to  air  transport  companies  are  used 
principally  for  dispatching  planes  and  handling  the  many  traffic 
matters  usual  to  this  type  of  service.  Plane  movements  including 
reports  of  position  in  flight  are  transmitted  over  the  teletypewriter 
system  and  recorded  at  various  offices.  The  reports  of  positions,  in 
many  cases,  are  given  by  pilots  over  short-wave  radio  telephone  where 
this  type  of  equipment  has  been  provided. 

To  facilitate  position  reporting  some  of  the  companies  have  super- 
imposed a  system  of  rectangular  coordinates  over  a  map  of  the  course 
cutting  the  territory  into  squares  or  rectangles  10  to  20  miles  on  a  side. 
The  coordinates  are  numbered  so  that  the  pilots  and  dispatchers  can 
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readily  establish  the  location  of  the  plane.  The  dispatchers  generally 
maintain  a  typewritten,  chronological  log  of  position  reports  from  each 
plane  in  the  air.  Bulletin  boards  are  also  used,  marked  with  the 
stations  along  the  route  and  with  spaces  for  filling  in  data  such  as  plane 
number  and  license,  name  of  pilot,  time  of  arrival  and  departure  at 
each  station  and  final  destination. 

A  considerable  volume  of  information  is  required  to  be  transmitted 
in  connection  with  the  handling  of  traffic  on  large  lines.  This  usually 
consists  of  data  as  to  reservations,  number  of  passengers  and  amount  of 
mail  and  express  carried,  connections  to  be  made,  and  arrangements 
at  terminals.  Supplementary  instructions  to  pilots  and  many  ad- 
ministrative matters  requiring  prompt  handling  are  also  transmitted. 

Although  the  airways  teletypewriter  circuits  furnished  the  Depart- 
ment of  Commerce  are  used  mostly  for  handling  weather  reports, 
considerable  information  is  also  transmitted  over  them  relating  to 
departure  and  arrival  of  planes  and  their  position  in  flight.  Upon 
request  the  Department  of  Commerce  will  send  over  its  teletypewriter 
system  the  license  number  of  a  plane,  the  station  from  which  the  plane 
is  departing,  its  time  of  departure,  and  its  destination,  to  stations  along 
the  route  of  the  flight.  Stations  on  the  route  knowing  approximately 
the  time  the  plane  will  be  due  watch  for  it  and  record  the  actual  time 
the  plane  passes  so  that  other  stations  may  be  informed. 

Teletypewriter  Circuit  Layout 
Teletypewriter  networks  furnished  by  the  Bell  System  for  service 
along  airways  are  composed  of  some  30  separate  circuits.  Circuit 
mileage  of  the  longest  is  about  2,000  miles  and  of  the  shortest,  200  miles. 
The  longer  circuits  generally  connect  15  to  20  intermediate  stations. 
Since  airways  naturally  follow  direct  air  lines  the  intermediate  airway 
stations  are  often  located  at  points  considerable  distances  from  main 
communication  lines,  which,  generally,  are  constructed  along  routes 
connecting  the  industrial  and  more  populous  centers,  due  regard  being 
given  to  topographic  and  other  conditions.  At  the  larger  airports  such 
as  Newark  and  Cleveland,  local  teletypewriter  circuits  are  also  provided 
to  connect  the  Department  of  Commerce  station  with  the  offices  of  the 
various  transport  companies,  the  post  office,  and  weather  bureau. 
Automatic  transmission  equipment  is  provided  so  that  information 
received  on  one  circuit  can  be  retransmitted  over  one  or  more  other 
circuits  if  desired. 

A  layout  diagram  of  a  typical  circuit  is  shown  in  Fig.  4.  Facilities  in 
the  New  York-Cleveland  long  distance  cable  are  used  for  establishing 
the  main  links  totaling  515  miles.     Repeater  stations  on  the  cable 
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route  located  approximately  every  50  miles  afford  convenient  points 
from  which  branch  circuits  are  extended  to  the  intermediate  airway 
stations.     The  several  branch  circuits  are  of  the  grounded  open-wire 


PITTSBURGH. 


ALTOONA. 


HARRISBURG 


-  KEY- 

z:^=^=  Metallic  Telegraph  Circuit  in.  Cable. 

'>/N<vw\A.  Carrier  Current  O'rcuit  in  Cable. 

Grounded  Circuit  on  Open  Wire. 

■•■••••—  Airway. 

O  Dept.of  Ccmm.  Intermediate  Field. 

@  Commercial  or  Municipal  Airport  ■ 

►  Telegraph  Repeater 

Fig.  4 — Layout  of  typical  teletypewriter  circuit  along  airway. 

type  and  total  331  miles.  A  total  circuit  mileage,  therefore,  of  846 
miles  is  required  in  this  case  for  connecting  all  stations  along  an  air 
route  a  little  over  400  miles  long. 

The  Newark-Pittsburgh  section  of  the  main  circuit  is  operated  on 
metallic  telegraph  cable  facilities,  a  type  particularly  adapted  to  use 
where  stations  to  be  connected  to  the  circuit  are  spaced  at  frequent 
intervals.  Between  Pittsburgh  and  Cleveland  a  channel  of  a  voice 
frequency  carrier  telegraph  system  on  cable  facilities  is  used.  This 
type  of  facility  is  generally  used  where  stations  are  located  150  or  more 
miles  apart.  The  longer  branch  circuits  on  open  wire  employ  polar 
transmission  with  repeaters  at  both  the  repeater  station  and  terminal 
and  use  two  wires,  one  for  each  direction  of  transmission.  The  shorter 
branch  circuits  use  one  wire  with  a  grounded  duplex  repeater  at  the 
repeater  station  and  a  constant  d.c.  potential  at  the  outlying  terminal. 
Detail  descriptions  of  these  various  telegraph  systems  have  been  given 
in  previous  papers. 

Cable  circuits  are  less  susceptible  than  open-wire  circuits  to  inter- 
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ference  and  storm  trouble,  and  where  they  are  available  they  have  been 
used  generally  for  establishhig  teletypewriter  circuits  furnished  both 
the  Department  of  Commerce  and  the  transport  companies.  At 
present,  over  one  third  of  the  mileage  of  these  circuits  is  in  cable, 
[''acilities  on  alternate  routes  are  available  to  be  substituted  for  the 
regular  circuit  in  the  event  circuit  trouble  develops. 

Teletypewriter  Equipment 

The  theory  of  teletypewriter  operation  and  descriptions  of  the  ma- 
chines generally  used  in  this  country  have  been  given  in  other  papers 
but  are  briefly  reviewed  here  in  order  to  describe  some  of  the  specific 
equipment  arrangements  used  in  airways  service. 

The  teletypewriter  is  designed  to  perform  the  functions  of  an  or- 
dinary typewriter  with  added  features  that  permit  the  typing  units  of 
a  number  of  similar  machines  located  at  distant  points  to  be  controlled 
by  the  operation  of  the  keyboard  of  any  one  of  them.  This  is  accom- 
plished by  the  translation  of  the  mechanical  action  of  any  key  in  the 
keyboard  unit  to  electrical  impulses  arranged  in  a  code  and  transmitting 
them  over  an  electrical  circuit  to  the  distant  machines  where  the 
impulses  are  translated  back  to  the  mechanical  action  of  a  type  bar  in 
the  typing  unit  corresponding  to  the  key  struck  in  the  distant  key- 
board. Electric  motors  and  electro-magnets  provide  the  mechanical 
power  and  the  means  of  translation  of  electrical  impulses  to  mechanical 
action.  It  is  necessary,  of  course,  that  the  mechanical  action  of  all  of 
the  machines  be  synchronized.  This  is  provided  for  by  the  use  of 
synchronous  motors  or  governed  motors  regulated  to  the  same  speed 
and  a  start-stop  rather  than  a  continuously  rotating  system.  By  the 
use  of  the  start-stop  system  the  effect  of  variations  in  motor  speeds  is 
minimized,  accurate  synchronization  being  required  only  during  the 
interval  of  typing  of  one  letter  after  which  a  clutch  releases  and  stops 
the  receiving  mechanism  momentarily  to  permit  it  again  to  start  in 
synchronism  with  the  sending  mechanism.  To  provide  the  start-stop 
feature  and  sufficient  code  combinations  for  the  letters  and  symbols 
required  a  seven-impulse  code  is  used  consisting  of  a  start  pulse,  five 
selecting  pulses,  and  a  stop  pulse. 

Teletypewriters  are  available  to  print  on  an  ordinary  page  or  on  a 
narrow  strip  of  tape.  Tape  machines  are  generally  used  in  airways 
service  because  they  are  particularly  adapted  to  the  handling  of  short 
messages  and  weather  sequences  where  it  is  generally  desirable  to 
rearrange  the  messages  received  by  cutting  and  pasting  the  tape  on 
separate  pages  to  form  a  continuous  weather  record  for  each  point. 
This  is  preferable  to  a  chronological  message  record  requiring  a  search 
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through  all  of  the  information  to  obtain  the  trend  of  weather  at  a 
particular  point.  The  tape  machines  are  also  somewhat  smaller,  less 
expensive,  and  more  efficient,  not  requiring  the  transmission  of  car- 
riage return  and  paper  feeding  signals. 

In  addition  to  the  ordinary  sending  and  receiving  machines  sup- 
plementary apparatus  units  may  be  used  so  that  operators  can  work  at 
maximum  efficiency  and  the  line  circuit  can  be  used  to  its  maximum 
capacity.  These  units  are  the  perforator,  tape  transmitter,  and 
reperforator. 


Fig.  5 — Department  of  Commerce  airport  teletypewriter  station. 

The  perforator  is  associated  with  a  keyboard  and  perforates  a  tape 
with  one  to  five  perforations  for  each  key  struck.  The  tape  is  run 
through  a  tape  transmitter  which  automatically  sends  electrical 
impulses  to  the  circuit  corresponding  to  the  perforations  in  the  tape  and 
identical  to  those  that  would  have  been  sent  from  the  keyboard  direct 
had  it  been  connected  to  the  circuit  for  normal  keyboard  sending. 
The  use  of  the  perforator  and  tape  transmitter  permits  the  circuit  to  be 
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operated  at  its  maximum  speed  at  all  times  and  permits  the  operator  to 
do  other  work  while  the  accumulated  tape  is  running  through  the 
transmitter.  Also  the  same  tape  can  be  run  through  several  tape 
transmitters  and  thus  be  used  for  sending  the  message  over  several 
circuits. 

The  reperforator  is  a  receiving  device  which  records  the  message  on  a 
perforated  tape  similar  to  that  produced  by  a  perforator  unit.  This 
permits  storing  a  received  message  for  immediate  or  subsequent 
retransmission  to  other  circuits  without  retyping  it. 
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Fig.  6 — Teletypewriter  equipment  layout  in  large  office.  A,  Reperforator;  B, 
Transmitter  distributor;  C,  Tape  teletypewriter;  D,  Page  teletypewriter;  E,  Loop 
switchboard;  F,  Motor  generator  set;  G,  Radial  transmitting  board;  //,  Remote  con- 
trol box;  K,  Perforator. 

The  smaller  teletypewriter  stations  of  the  Department  of  Commerce 
and  those  of  the  various  transport  companies  are  generally  provided 
with  one  or  two  teletypewriters.  At  the  larger  teletypewriter  stations 
of  the  Department  of  Commerce  a  special  arrangement  of  the  equip- 
ment has  been  provided  to  permit  efficient  operation  of  the  tele- 
typewriter circuits  from  the  standpoints  of  requiring  the  fewest  opera- 
tors and  of  obtaining  rapid  retransmission  of  messages  received  on 
one  circuit  to  one  or  more  of  the  other  circuits  as  required.  A  view 
of  an  installation  is  given  in  Fig.  5  and  a  typical  floor  plan  arrangement 
is  illustrated  in  Fig.  6.  The  apparatus  is  mounted  on  tables  specially 
designed  for  the  purpose,  and  these  are  usually  arranged  on  the  floor 
in  the  shape  of  a  U,  the  units  facing  inward  so  that  the  operators  work 
inside  the  U. 
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A  separate  reperforator  (A)  and  tape  transmitter  (B)  m  addition  to 
a  tape  teletypewriter  (C)  are  provided  for  each  circuit.  Messages  are 
received  simultaneously  on  a  printed  tape  by  the  tape  teletypewriter 
and  on  a  perforated  tape  by  the  reperforator.  Mounted  adjacent  to 
the  reperforators  are  the  tape  transmitters  through  which  the  per- 
forated tape  can  be  run  to  retransmit  immediately  a  received  message 
to  another  circuit.  The  reperforators  and  tape  transmitters  can  be 
started  and  stopped  individually  from  the  remote  control  box  (H). 

A  tape  perforator  (K)  is  provided  to  perforate  tape  for  messages 
originating  at  the  local  station.  The  messages  can  then  be  sent 
automatically  over  the  circuit  or  circuits  desired  by  running  the  tape 
through  the  proper  tape  transmitters. 

All  of  these  units  are  terminated  on  cords  and  plugs  at  a  loop  switch- 
board (£)  and  any  unit  or  combination  of  units  may  be  connected  to 
any  of  the  teletypewriter  circuits  which  are  wired  through  a  number 
of  series  jacks  in  the  loop  switchboard.  A  supplementary  switching 
arrangement  is  provided  by  radial  transmitting  board  (G)  equipped 
with  keys  and  repeating  relays.  By  operating  one  or  more  of  the  keys 
one  of  the  tape  transmitters  can  be  connected  quickly  to  two  or  more 
of  the  teletypewriter  circuits  through  the  repeating  relays  to  obtain 
simultaneous  transmission  to  the  circuits  connected. 

At  certain  stations  page  teletypewriters  {D)  are  provided  for  the 
transmission  of  weather  maps  as  described  previously.  This  type  of 
machine  employs  a  fixed  paper  carriage  and  movable  type  basket,  and 
accommodates  paper  up  to  8)4  inches  wide.  It  has  been  equipped  with 
a  number  of  special  type  characters  to  provide  the  symbols  required  on 
the  maps.  These  symbols,  which  are  shown  in  Fig.  3,  are  provided  as 
upper  case  characters  on  the  teletypewriters  in  place  of  fractions  and 
punctuation  marks. 

The  arrangement  of  equipment  described  generally  permits  one 
operator  to  attend  all  of  the  circuits.  The  teletypewriters  are  all 
located  in  a  fairly  small  space,  which  permits  one  man  to  observe  the 
incoming  messages  and  operate  the  control  boards,  to  start  and  stop 
the  proper  transmitter  and  to  relay  the  messages  as  required. 

Radio  Interference 

The  establishment  of  teletypewriter  stations  along  the  airways 
brought  about  the  installation  of  teletypewriter  equipment  in  the 
same  room  or  in  close  proximity  to  short-wave  radio  receivers,  and 
introduced  the  problem  in  specific  cases  of  radio  interference  caused 
by  the  operation  of  the  teletypewriter. 

Remedial  measures  have  been  designed  effectively  to  reduce  this 
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interference,  and  consist  of  the  use  of  synchronous  motors,  rectifiers 
and  specially  designed  filters,  together  with  the  locating  of  the  ap- 
paratus and  wiring  in  such  a  way  as  to  effect  a  minimum  coupling 
between  the  teletypewriter  and  its  associated  loop  and  the  radio  antenna 
system. 

Conclusion 

History  of  air  transportation  in  the  past  few  years  indicates  that 
continued  growth  may  be  expected,  particularly  as  hazards  to  flying 
are  mitigated  and  safety  and  dependability  are  recognized  by  the 
public.  The  Government  is  continuing  the  extension  of  airways  and 
weather  reporting  and  other  services,  and  air  transport  companies  are 
progressing  in  developing  transport  business.  Fast  and  reliable  com- 
munication service  has  proved  the  backbone  of  weather  and  position 
reporting  and  has  been  a  valuable  aid  in  the  handling  of  traffic  and 
other  matters  relating  to  air  transportation.  Teletypewriter  circuits 
used  for  land  service  have  been  found  particularly  suited  to  meeting 
the  various  requirements  involving  simultaneous  communication  with 
many  stations  at  remote  distances.  Other  wire  communication 
services  such  as  long  distance  telephone  and  commercial  telegraph 
have  also  aided,  particularly  in  reaching  points  not  served  by  tele- 
typewriter circuits.  It  is  expected  wire  communication  service  will 
continue  to  be  used  extensively  in  connection  with  air  transportation 
and  will  be  of  considerable  aid  in  its  future  development. 
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Abstracts  of  Technical  Articles  from  Bell  System  Sources 

In  January,  1932,  a  series  of  seven  lectures  by  representatives  of  the 
Bell  Telephone  System  was  given  before  the  Lowell  Institute  of  Boston, 
Massachusetts.  The  general  title  of  the  series  was  "The  Application 
of  Science  in  Electrical  Communication." 

The  lectures  were  as  follows : 

"An  Introduction  to  Research  in  the  Communication  Field,"  by 
H.  D.  Arnold,  Ph.D.,  Sc.D.,  Director  of  Research,  Bell  Telephone 
Laboratories.* 

"Research  in  Speech  and  Hearing,"  by  Harvey  Fletcher,  Ph.D., 
Acoustical    Research    Director,    Bell    Telephone    Laboratories. 

"Transoceanic  Radio  Telephony,"  by  Ralph  Bown,  Ph.D.,  Depart- 
ment of  Development  and  Research,  American  Telephone  and 
Telegraph  Company.* 

"Picture  Transmission  and  Television,"  by  Herbert  E.  Ives,  Ph.D., 
Sc.D.,  Electro-Optical  Research  Director,  Bell  Telephone  Labora- 
tories.* 

"Talking  Motion  Pictures  and  Other  By- Products  of  Communication 
Research,"  by  John  E.  Otterson,  President,  Electrical  Research 
Products,  Inc. 

"Utilizing  the  Results  of  Fundamental  Research  in  the  Communi- 
cation Field,"  by  Frank  B.  Jewett,  Ph.D.,  D.Sc,  Vice  President, 
American  Telephone  and  Telegraph  Company,  President,  Bell 
Telephone  Laboratories.* 

"Social  Aspects  of  Communication  Development,"  by  Arthur  W. 
Page,  A.B.,  Vice  President,  American  Telephone  and  Telegraph 
Company.* 

Further  Notes  on  the  Detection  of  Tivo  Modulated  Waves  Which  Differ 
Slightly  in  Carrier  Frequency.^  C.  B.  Aiken.  The  present  paper 
deals  with  the  analysis  of  the  detection  of  two  modulated  waves  of 
slightly  different  carrier  frequency  under  the  conditions  that  the 
carrier  amplitude  of  one  wave  is  much  smaller  than  that  of  the  other 
and  that  the  modulation  of  the  larger  wave  is  low.  These  conditions 
apply  in  determining  the  interference  which  arises  during  the  operation 
of  two  broadcast  stations  on  the  same  frequency  assignment  when  the 

*  Published  in  the  April  1932  Bell  Telephone  Quarterly. 
1  Proc.  I.  R.  E.,  March,  1932. 
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stations  are  nonisochronous  and  transmit  different  programs.  A 
discussion  of  the  characteristics  of  shared  channel  interference  is  given, 
and  it  is  shown  that  there  are  only  two  important  components  of  this 
interference,  one  being  the  carrier  beat  note  and  the  other  being  what 
has  been  designated  as  side  band  noise.  This  latter  consists  of  two 
frequency  spectra,  one  of  which  is  similar  to  the  spectrum  of  the  mod- 
ulating frequencies  of  the  undesired  station  but  is  shifted  upward  by  a 
constant  amount  equal  to  the  difference  between  the  carrier  fre- 
quencies. The  other  spectrum  is  of  a  similar  type  but  is  shifted  down- 
w^ard  in  frequency  by  the  same  amount. 

The  Use  of  Thermionics  in  the  Study  of  Adsorption  of  Vapours  and 
Gases.^  Joseph  A.  Becker  Thermionic  emission  can  be  very  useful 
in  the  study  of  adsorption  phenomena.  The  primary  reason  is  that 
very  minute  amounts  of  electropositive  elements,  such  as  caesium, 
barium,  or  thorium,  or  electronegative  gases,  such  as  oxygen,  change 
the  thermionic  emission  from  surfaces  of  tungsten,  platinum,  molyb- 
denum, etc.,  by  very  large  factors  and  in  a  characteristic  manner. 
They  do  this  by  changing  the  work  function  of  the  surface.  This 
effect,  as  well  as  other  surface  effects,  can  be  best  explained  by  the 
adion  grid  theory:  The  adsorbed  particles  can  exist  on  the  surface 
either  as  adions  (adsorbed  ions)  or  as  adatoms;  the  adions  act  like  a 
positively  charged,  open  meshed  grid  placed  very  close  to  the  surface. 
From  this  theory  and  the  experimental  facts  it  follows:  (1)  That  the 
ratio  of  adions  to  adatoms  decreases  as  the  surface  concentration  in- 
creases (Table  I) ;  (2)  that  the  work  required  to  remove  an  adion  from 
the  surface  increases  while  the  work  to  remove  an  adatom  decreases 
as  the  surface  concentration  increases;  (3)  the  mean  life  of  an  adsorbed 
particle  depends  on  the  surface  concentration  as  well  as  on  the  tem- 
perature (Table  II);  (4)  the  rate  of  diffusion  from  the  surface  into  the 
interior  depends  upon  the  temperature  and  on  the  amount  by  which 
the  surface  concentration  exceeds  its  equilibrium  value.  Thermi- 
onic experiments  show  the  existence  of  surface  migration  and  can  be 
used  to  make  a  quantitative  study  of  this  phenomenon.  The  tech- 
niques involved  in  these  various  experiments  are  described  and  refer- 
ences given  to  previous  publications. 

Electrical  Phenomena  in  Gases.^  Karl  K.  Darrow.  This  treatise 
of  500  pages  is  concerned  with  one  of  the  most  important,  instructive, 
and  intensively  studied  fields  of  modern  physics.  Its  scope  embraces, 
first  of  all,  the  elementary  processes  through  the  action  of  which  a  gas 

^Transactions  of  the  Faraday  Society,  March,  1932.  ,    ,r,.^ 

'Published  by  Williams  and  Wilkins  Company,  Baltimore,  Maryland,   1961. 
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becomes  and  remains  capable  of  conducting  electricity,  and  acquires 
and  retains  other  interesting  qualities.  Such  are:  "ionization,"  the 
detachment  of  electrons  from  atoms  and  molecules  by  electron-impact, 
light,  impact  of  positive  ions,  and  other  agencies;  "excitation,"  the 
transfer  of  atoms  and  molecules,  by  these  same  agencies,  into  abnormal 
or  excited  states  in  which  they  possess  extra  energy  and  various  peculiar 
powers — the  return  of  excited  atoms  to  their  normal  condition,  with 
emission  of  light  or  with  other  modes  of  energy-surrender;  "inter- 
ception," the  deflection  and  slowing-down  of  electrons  and  positive 
ions  by  collisions  with  molecules  and  atoms.  After  the  four  chapters 
devoted  to  these  elementary  processes,  come  four  concerned  with  the 
drift  and  diffusion  of  electrons  and  more  massive  ions  through  dense 
gases,  and  with  allied  topics:  material  often  classified  under  such  names 
as  "mobility,"  "diffusion,"  "recombination"  and  "capture  of  elec- 
trons." The  following  chapter  is  assigned  to  the  drifting  of  ions 
through  dense  gases  under  fields  so  strong  that  these  ions  themselves 
produce  extra  ionization,  and  to  the  phenomena  of  "breakdown" 
which  is  sometimes  sparkover,  sometimes  the  establishment  of  a  dis- 
charge such  as  a  glow  or  an  arc.  After  a  chapter  on  the  distortion  of 
electric  fields  by  space-charge,  essential  to  what  follows,  there  comes 
a  treatment  of  the  properties  of  highly  ionized  and  luminous  gases 
such  as  the  mercury-vapor  arc  exemplifies,  and  of  space-charge  sheaths, 
as  clarified  of  recent  years  by  newly  developed  probe-methods.  The 
final  chapters  are  descriptions  of  the  important  types  of  discharge 
known  as  self-sustaining  glow  and  self-sustaining  arc.  The  book  is 
thus  so  arranged  as  to  proceed  from  the  fundamental  atomic  phe- 
nomena, through  the  intermediate  topics  of  drift  and  diffusion  of  ions 
through  gases,  to  the  most  intricate  discharges.  In  the  later  parts, 
especial  attention  has  been  paid  to  such  phenomena  as  have  been 
made  at  least  partially  intelligible  in  terms  of  the  processes  described 
in  the  earlier;  nevertheless,  those  which  have  not  been  interpreted 
are  given  due  place  and  emphasis. 

Electrical  Phenomena  in  Gases  is  Dr.  Darrow's  second  book.  Intro- 
duction to  Contemporary  Physics  was  published  by  D.  Van  Nostrand 
Company  in  1926. 

Application  of  Quartz  Plates  to  Radio  Transmitters.^  O.  M.  Hov- 
GAARD.  This  paper  discusses  the  disturbing  elements  encountered  in 
the  application  of  quartz  plates  to  broadcast  and  aircraft  radio  trans- 
mitters. A  general  procedure  for  minimizing  such  effects  is  considered 
from  a  circuit  standpoint  as  well  as  in  the  light  of  practical  experience. 

^Proc.  I.  R.  E.,  May,  1932. 
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The  degree  to  which  maintenance  may  affect  performance  and  the 
necessity  for  automatic  equipment  are  shown  by  data  obtained  in  the 
field.  Apparatus  and  systems  which  enable  the  operating  staff  to 
meet  modern  frequency  stability  requirements  by  monitoring  the 
emitted  carrier  are  also  described. 

Tape  Armored  Telephone  Toll  Cable.^  C.  W.  Nystrom.  Toll 
cables  buried  directly  in  the  earth  are  coming  into  increased  use. 
Such  cables  are  not  installed  in  the  usual  clay  conduit  but  are  protected 
by  layers  of  paper,  jute,  and  steel  tapes.  Complete  equipment  for 
laying  this  cable  has  been  developed. 

Some  Effects  of  Topography  and  Ground  on  Short-Wave  Reception.^ 
R.  K.  Potter  and  H.  T.  Friis.  This  paper  contains  some  results 
of  an  experimental  study  of  the  effects  which  ground  and  ground 
irregularities  have  upon  short-wave  signal  reception.  The  results 
illustrate  the  signal  strength  advantage  to  be  gained  in  the  selection  of 
suitable  ground  or  topographical  conditions  and  show  the  influence 
of  antenna  types,  and  vertical  angle  of  signal  arrival,  upon  such  an 
advantage.  Although  the  tests  were  confined  to  reception,  the  con- 
clusions are  probably  applicable  in  general  to  the  case  of  transmission. 
The  agreement  between  measurement  data  and  theory  seems  to  justify 
the  application  of  plane  wave  optical  theory  to  the  calculation  of 
vertical  plane  directivity  of  antennas.  Such  an  application  suggests, 
according  to  the  data  obtained,  that  signals  from  South  America  are 
normally  received  at  much  lower  vertical  angles  than  those  from 
England. 

Western  Electric  Noiseless  Recording^  H.  C.  Silent  and  J.  G. 
Frayne.  The  Western  Electric  method  of  noiseless  recording  with 
the  light  valve  is  described.  The  general  principles  are  discussed, 
the  circuit  diagram  is  explained,  and  the  method  of  adjusting  the 
device  for  service  described.  The  photographic  characteristics  of 
film  are  considered,  and  their  application  in  noiseless  recording  is 
shown  in  some  detail. 

The  Acoustics  of  Large  Auditoriums.^  S.  K.  Wolf.  Extremely 
large  auditoriums  present  acoustical  difficulties  which  do  not  readily 
yield  to  the  customary  methods  of  analysis  and  correction.  This  is 
illustrated  by  measurements  of  the  time  of  reverberation,  made  in 

^Electrical  Engineering,  March,  1932. 
«  Proc.  I.  R.  E.,  April,  1932. 
'  Jour.  S.  M.  P.  E.,  May,  1932. 
8  Joiir.  S.  M.  P.  E.,  April,  1932. 
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the  Madison  Square  Garden,  New  York,  N.  Y.,  which  revealed  a 
consideral)le  discrepancy  between  theoretical  expectations  and  the 
times  actually  measured  throughout  the  frequency  range.  At  500 
cycles,  for  example,  analysis  of  the  auditorium  indicated  a  decay 
period  of  35.5  seconds,  whereas  the  time  actually  measured  by  the 
spark  chronograph  reverberation  meter  was  only  7.6  seconds.  On  the 
basis  of  the  measured  time,  47,000  square  feet  of  one-inch  rock  wool 
were  installed.  This  material  was  distributed  in  a  manner  calculated 
to  suppress  undesirable  discrete  reflections  as  well  as  to  reduce  the 
general  reverberation  time.  The  result  was  a  reduction  in  the  meas- 
ured time  to  3.5  seconds  and  the  complete  elimination  of  acoustic 
difficulties.  Present  reverberation  formulas  do  not  possess  sufficient 
generality  to  justify  application  to  enclosures  which  are  extremely 
atypical  in  size  or  shape.  Until  such  formulas  are  developed,  reliance 
must  be  placed  on  actual  measurements. 
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World-Wide  Telephony — Its  Problems  and  Future  * 

By  BANCROFT  GHERARDI  and  FRANK  B.  JEWETT 

The  rapid  development  of  large  telephone  networks  giving  a  high  grade 
of  service  between  large  numbers  of  telephones  in  continental  areas  has  laid 
the  foundation  for  the  development  of  world-wide  telephone  service. 
Beginning  in  1927  with  the  establishment  of  the  first  commercial  telephone 
circuit  between  Europe  and  North  America,  intercontinental  telephone 
service  has,  during  the  past  five  years,  extended  rapidly,  and  with  further 
extensions  already  definitely  planned,  will  embrace  all  of  the  continents 
and  make  possible  the  connection  together  of  practically  any  two  telephones 
in  the  world. 

Up  to  the  present  time  radio  has  been  used  to  overcome  the  peculiar 
technical  obstacles  in  the  provision  of  intercontinental  circuits.  Two 
portions  of  the  radio  spectrum  are  suitable  for  this  purpose,  the  long  wave 
providing  only  a  few  circuits  and  the  short  wave  providing  for  possibly 
several  hundred  circuits  in  the  world  as  a  whole.  Plans  have  already 
been  made  for  the  important  route  between  Europe  and  North  America  to 
supplement  these  with  a  telephone  cable  and  the  use  of  wire  lines  for 
intercontinental  routes  may  become  more  important  in  the  future. 

The  full  development  of  intercontinental  telephony  is  affected  by  a 
number  of  general  difficulties.  Of  these  the  differences  in  time  between 
different  parts  of  the  earth's  surface  are  inherent.  Differences  in  language 
both  affect  the  ease  with  which  customers  can  converse  over  the  telephone, 
and  complicate  the  operating  problem.  Furthermore,  some  of  the  differ- 
ences in  operating  and  commercial  practices  in  the  telephone  networks  of 
different  continents  which  have  in  the  past  developed  largely  independently 
of  each  other,  require  consideration  in  the  building  up  of  intercontinental 
services. 

The  full  development  of  intercontinental  telephony  is  dependent  upon 
the  continued  progress  in  working  out  these  problems  and  in  an  extension 
of  the  brilliant  scientific  and  engineering  achievements  which  have  made 
possible  the  present  services.  It  is  to  be  expected  that  with  the  further 
growth  of  intercontinental  service  it  will  be  found  desirable  in  the  future 
to  adopt  a  general  world-wide  plan  for  the  routing  of  intercontinental 
messages  somewhat  comparable  to  the  plans  for  continental  telephone 
service  already  under  consideration  or  in  use.  While  political  considerations 
may  temporarily  affect  the  form  of  the  world-wide  network,  ultimately  the 
requirements  of  economy  and  good  service  will  no  doubt  be  determining 
factors  in  such  a  plan. 

It  is  to  be  hoped  that  the  continued  closer  knitting  together  of  the 
nations  and  races  of  the  world  by  intercontinental  telephone  circuits  will 
be  a  great  contribution  to  international  friendship  and  good  will. 

The  authors  wish  to  acknowledge  their  indebtedness  to  a  number  of 
telephone  administrations  who  have  provided  them  with  information 
regarding  present  and  proposed  intercontinental  services,  supplementing  the 
data  previously  published.  They  have  also  drawn  freely  on  the  material 
presented  in  the  bibliography  of  Appendix  2,  and  this  material  has  been 
of  assistance.  The  authors  also  express  appreciation  of  the  assistance 
given  them  by  a  number  of  their  associates  in  the  American  Telephone  and 
Telegraph  Company,  particularly  Messrs.  O.  B.  Blackwell,  A.  B.  Clark, 
L.  Espenschied,  O.  T.  Laube,  H.  S.  Osborne  and  H.  E.  Shreeve. 

*  Presented  at  The  International  Electrical  Congress,  Paris,  France,  July  5-12, 
1932. 
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Introduction 

THE  rapidity  with  which  telephone  service  has  been  extended  to 
world-wide  proportions  during  the  past  few  years  is  perhaps  one 
of  the  most  remarkable  of  man's  conquests  over  time  and  distance. 
Already  it  is  a  commonplace  to  hear  the  human  voice  from  thousands 
of  miles  away,  over  land  and  sea.  Distance  and  the  great  natural 
barriers  of  the  world  no  longer  prevent  us  from  talking  with  each  other. 
Across  oceans  and  over  high  sierras  the  voice  now  carries  its  full 
message.  Furthermore,  these  results  have  been  accomplished  within 
a  few  years.  Telephony  has  demonstrated  its  international  and 
intercontinental  services.  The  development  and  extension  of  those 
services  lies  before  us.  It  seems  an  appropriate  time,  therefore,  to 
review  some  of  the  problems  and  possibilities  in  this  extension  of  the 
application  of  the  electrical  arts  to  the  service  of  mankind. 

World-wide  telephony  has  as  its  foundation  the  wire  line  networks 
on  the  various  continents  with  their  millions  of  users.  The  first  step 
was  taken  toward  overcoming  the  great  barrier  presented  by  the 
oceans  in  1891  when  the  first  submarine  telephone  cable  was  laid 
between  Dover  and  Calais.  Further  submarine  cable  developments 
followed  including  the  laying  of  a  continuously  loaded  cable  between 
Denmark  and  Sweden  in  1902. 

In  the  meantime  the  problems  of  spanning  great  distances  over 
land  were  being  rapidly  solved,  both  in  North  America  and  in  Europe, 
through  the  application  of  the  loading  coil  and  other  transmission 
improvements.  In  1911  service  was  opened  between  New  York  and 
Denver,  a  distance  of  2000  miles  (3300  kilometers).  By  1913  the  de- 
velopment of  underground  cable  had  progressed  so  that  a  cable  was 
placed  in  service  between  Boston,  New  York  and  Washington,  a  distance 
of  over  420  miles  (700  kilometers). 

But  it  required  still  further  improvements  in  the  whole  art  of  long 
distance  telephone  transmission,  including  amplifiers  and  their  appli- 
cation to  wire  lines  before  long  distance  telephony  could  develop 
beyond  the  semi-continental  stage  to  truly  transcontinental  and 
transoceanic  distances.  With  improved  amplifier  elements  and  the 
perfection  of  means  for  applying  repeaters  came  the  opening  of  trans- 
continental service  in  America  in  1915  initially  between  New  York  and 
San  Francisco,  3200  miles  (5300  kilometers).  This  was  followed  after 
the  close  of  the  war  by  the  rapid  development  of  telephony  of  conti- 
nental scope  throughout  Europe,  stimulated  by  the  close  cooperation 
of  the  European  Administrations  through  the  International  Advisory 
Committee  on  Long  Distance  Telephony.  In  South  America  the 
trans-Andean  telephone  line  between  Buenos  Aires  and  Santiago  was 
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opened  In  1928.     Two  years  later  came  the  transcontinental  telephone 
line  in  Australia. 

Overseas  radio  telephone  experiments,  in  1915,  successfully  trans- 
mitted the  human  voice  from  Washington  to  Paris  and  from  Washing- 
ton to  the  Hawaiian  Islands.  Commercial  development  of  inter- 
continental telephony,  however,  followed  somewhat  slowly  both 
because  of  the  war  and  because  of  the  tremendous  inherent  technical 
difficulties.  However,  as  an  interesting  fore-runner  of  what  would 
come  later,  a  public  service  radiotelephone  system  was  opened  in 
1920  linking  Catalina  Island,  off  the  coast  of  California,  with  the  wire 
telephone  network  of  North  x^merica.  In  1927,  after  a  period  of 
intensive  experimentation  and  development  work,  commercial  service 
between  Europe  and  North  America  was  opened  to  the  public.  This 
was  the  first  step  in  the  expansion  of  telephone  service  from  a  conti- 
nental scope  to  a  world-wide  scope. 

Present  Situation  and  Plans  for  Future  Development 
Intercontinental  telephony  has  naturally  been  dependent  upon  and 
been  preceded  by  the  development  of  large  networks  of  telephones  to 
which  the  intercontinental  circuits  could  be  connected.  The  most 
highly  industrialized  parts  of  the  earth's  surface  today  are  provided 
with  extensive  networks  of  telephone  lines  covering  great  areas  and 
interconnecting  large  numbers  of  telephones.  This  is  indicated  in 
Fig.  1  which  shows  the  principal  national  and  continental  wire  tele- 
phone networks,  and  all  individual  cities  not  connected  to  an  extensive 
interurban  network  which  according  to  latest  reports  have  more  than 
10,000  telephones.  As  a  result  of  the  improvements  which  have 
been  made  in  these  wire  networks  in  the  last  15  years,  both  as  to 
transmission  and  speed  of  service,  they  are  today  generally  available 
and  satisfactory  for  use  in  connection  with  intercontinental  service. 

For  the  purpose  of  this  paper  circuits  of  less  than  600  miles  (1000  kilo- 
meters) even  if  they  cross  continental  boundaries  will  not  be  considered 
intercontinental  circuits.  In  the  consideration  of  world-wide  tele- 
phony we  are  interested  in  the  long  circuits  between  distant  parts  of 
different  continents  or  between  continental  areas  and  distant  islands, 
for  which  the  technique  developed  for  long  continental  telephone  lines 
is  not  directly  applicable. 

The  extent  to  which  the  continents  of  the  world  are  already  inter- 
connected by  telephone  circuits  and  the  additional  connections 
contemplated  by  plans  now  under  way  are  indicated  in  Fig.  2.  These 
are  such  as  to  make  possible  conversations  between  any  two  continents 
of  the  earth  either  by  direct  circuit  or  by  switching  in  Europe  or  in 
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North  America.  The  existing  intercontinental  telephone  circuits  of 
the  world  are  indicated  in  I'ig.  3.  In  this  figure  distinctions  are  made 
between  full  time  circuits  and  part  time  circuits,  that  is,  those  on  which 
terminal  apparatus  is  shared  by  different  points.  A  distinction  is  also 
made  between  circuits  which  interconnect  wire  networks  connecting 
with  20,000  telephones  or  more,  and  those  terminating  in  single 
telephones  or  networks  of  less  than  20,000  telephones. 


THE  EXISTING  DIRECT  CONNECTIONS  ARE  AS  FOLLOWS:  

EUROPE  TO  AUSTRALIA   AND  JAVA  

NORTH   AMERICA  TO  HAWAII 
EASTERN  ASIA  TO  JAVA 

AT  PRESENT  CONNECTIONS  BETWEEN  THE  AMERICAS  AND 
AUSTRALIA  AND  JAVA  ARE  ESTABLISHED  BY  WAY  OF  EUROPE 


•EXISTING  DIRECT  CONNECTIONS 
•  PROPOSED  DIRECT  CONNECTIONS 


Fig.  2 — International  telephone  relations  as  of  January  1,  1932. 

There  are  at  present  37  of  these  intercontinental  circuits  totalling 
about  168,000  miles  (280,000  kilometers)  in  length.  All  are  radio  cir- 
cuits. One,  in  the  New  York-London  group,  is  a  long-wave  circuit 
operating  at  approximately  60  kilocycles;  the  others  are  short-wave  cir- 
cuits in  the  range  between  6000  and  23,000  kilocycles. 

Europe  and  North  America,  which  are  the  two  largest  highly 
industrialized  areas  of  the  world,  contain  about  90  per  cent,  of  the 
world's  telephones.  It  is  natural  that  intercontinental  telephone 
business  in  volume  should  first  develop  between  those  two  areas 
Here  service  Is  maintained  on  a  24-hour  basis  and  a  group  of  four 
circuits  is  in  use.  Elsewhere,  however,  intercontinental  connections 
consist  at  the  present  time  of  a  single  circuit,  or  more  frequently, 
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the  part  time  use  of  a  circuit,  the  apparatus  being  arranged  to  share 
its  time  between  two  or  more  distant  terminals. 

One  cannot  help  being  impressed  by  the  developments  represented 
by  Fig.  3,  which  have  taken  place  in  the  short  space  of  five  years. 
We  are,  nevertheless,  in  an  early  stage  of  development  and  present 
service  suffers  from  the  limitations  of  pioneer  conditions.  Dependence 
in  so  many  cases  upon  a  single  intercontinental  circuit  which  often  is 
shared  on  a  "party  line"  basis  between  two  or  more  terminal  points, 
is  one  of  these  limitations.  Another  is  the  variation  in  transmission 
characteristics  and  the  susceptibility  to  interruptions  which  in  the 
present  stage  of  development  of  radio  are  characteristic  especially  of 
short-wave  circuits  on  some  of  the  more  important  routes.  The 
rapidity  with  which  the  first  steps  have  been  taken  is  perhaps  the 
best  assurance  that  advance  will  continue  to  be  rapid  as  the  commercial 
demand  for  increasing  amounts  of  service  develops.  This  is  illustrated 
by  Figs.  4  and  5  which  show  the  intercontinental  circuits  of  the 
world  which  will  exist  when  the  present  plans  for  additional  circuits 
have  been  completed  in  so  far  as  these  plans  are  known  to  the  authors. 

Fig.  6  shows  the  extent  to  which  the  countries  of  the  world  will  be 
tied  into  one  great  telephone  system  when  the  plans  outlined  in 
Figs.  4  and  5  are  completed.  Fig.  6  also  shows  the  distribution  of 
world  trade  and  population  of  various  groups  of  countries  which  are 
so  interconnected.  It  will  be  noticed  that  the  world-wide  telephone 
network  will  include  countries  having  99  per  cent  of  all  the  telephones 
of  the  world  and  having  92  per  cent  of  the  world's  foreign  trade. 
Details  of  all  the  present  and  proposed  circuits  which  have  come  to  the 
knowledge  of  the  authors  are  given  in  Appendix  I. 

Closely  related  to  the  establishment  of  intercontinental  circuits  is 
the  establishment  of  telephone  service  from  European  and  North 
American  points  to  a  number  of  passenger  vessels  normally  operating 
on  the  North  Atlantic  and  other  passenger  routes.  In  addition, 
work  is  advancing  in  the  equipment  of  fishing  fleets,  tugs,  etc.,  but 
this  service  pertains  more  directly  to  the  continental  telephone  service. 

Technical  Problems  and  Limitations 
The  unusual  technical  difficulties  of  providing  satisfactory  inter- 
continental telephone  circuits  come  about  not  merely  because  of  the 
distances  involved  but  because  these  distances  include  long  stretches 
of  sea  or  undeveloped  land.  For  years  prior  to  the  establishment  of 
the  first  intercontinental  circuit,  commercial  service  was  given  on 
continental  telephone  networks  over  comparable  distances,  for  ex- 
ample, in  North  America  up  to  about  6000  miles  (10,000  kilometers). 
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World  Distribution 
Population,  Telephones,  Foreign  Trade 

For  Countries  Having  Existing  or  Proposed  International  Telephone  Connections  as  oj 

January  1,  1932 


Country 

Total  Foreign 

Trade 

1930 

(Millions  of 

Dollars) 

Total 

Telephones 

as  of  Jan.  1, 

1931 

(Thousands) 

Total 
Population 

(Thousands) 

Europe 
All  Principal  (  ountries 

30,260 

9,500 

2,590 

2,310 
300 
120 

10,620 

21,768 

595 

760 
12 
14 

542,350 

153,780 

71,090 

69,440 

31,740 

5,850 

North  America 
United  States,  Canada,  Cuba,  Mexico, 
Bermuda 

South  America 
Argentina,     Brazil,     Chile,     Colombia, 

Uruguay,  Venezuela 

Oceania 
Hawaii,  Australia,  New  Zealand,  Java, 
Sumatra 

Asia 
Siam,  Indo-China 

Africa 
Morocco,  Canary  Islands 

Total  in  countries  having  existing  con- 
nections to  international  networks .  .  . 

45,080 

33,769 

874,250 

North  America 

Central  America  and  Bahamas 

South  America 

Peru 

120 
130 
260 

3,810 

1,370 

18 
14 
26 

1,028 

197 

2,720 

6,260 

12,700 

410,320 

47,700 

Oceania 
Philippines 

Asia 
Japan,     Hong     Kong,    British     India, 
Malay  States 

Africa 
Algeria,  Belgian  Congo,  Egypt,  Union 
of  So.  Africa,  Madagascar 

Total  in  countries  having  prospective 
international  connections 

5,690 
50,770 

1,283 
35,052 

479,700 
1,353,950 

Total,   present   and   prospective   inter- 
national network 

All  Other 

4,140 

308 

622,550 

Total  World 

54,910 

35,360 

1,976,500 

Fig.  6. 

The  technique  of  transmission  over  long  continental  distances,  how- 
ever, includes  as  one  fundamental  element  the  use  of  intermediate 
amplification  at  frequent  intervals  of  from  45  to  240  miles  (75  to  400 
kilometers) ,  depending  upon  the  electrical  characteristics  of  the  circuit. 
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Radio  Links 

All  of  the  existing  intercontinental  circuits  make  use  of  radio  for 
the  long  transoceanic  jumps,  and  it  seems  desirable  first  to  consider 
the  technical  problems  of  radio  telephony. 


LONG  WAVES  MEDIUM   WAVES 

LONG  MEDIUM    DISTANCE 

DISTANCE      INCLUDE  BROADCASTING 


SHORT  WAVES 
LONG  DISTANCE 


ULTRA  SHORT  WAVES 
SHORT  DISTANCE 


FREQUENCY  IN  CYCLES  PER  SECOND 


100,000 

6,000,000 

1 

23,000,000 

1 

p 

^^^B      i 

3C 

00 

5 

0 

1 
13 

WAVELENGTH    IN  METERS 

Fig.  7 — Radio  frequency  chart.     The  bands  applicable  to  intercontinental  service  are 
indicated  by  shaded  areas. 

Fig.  7  shows  the  radio  spectrum  with  an  indication  of  the  uses  made 
of  the  various  portions  of  the  spectrum.  Only  the  two  shaded  parts 
of  this  spectrum  appear  to  be  applicable  to  intercontinental  telephony. 
One,  in  the  long  wave  range,  extends  from  about  15  kilocycles  to  per- 
haps 100  kilocycles.  The  second  includes  the  short-wave  range  from 
about  6000  to  23,000  kilocycles. 

The  transmission  of  these  two  wave  ranges  exhibit  interesting 
differences  in  characteristics.  For  the  short  wave-lengths  the  trans- 
mission is  frequently  referred  to  as  being  in  the  form  of  "sky  waves." 
This  is  for  the  reason  that  at  intermediate  distances  the  waves  may 
practically  disappear  near  the  surface  of  the  ground  but  reappear  at 
greater  distances.  They  appear  to  have  been  carried  around  the 
curvature  of  the  earth's  surface  by  refraction  or  reflection  from  ionized 
atmospheric  layers.  While  the  action  in  the  long-wave  range  at 
great  distances  appears  to  be  also  conditioned  partly  by  the  ionized 
layers,  the  field  at  the  surface  of  the  earth  falls  oft'  continuously  as  the 
distance  from  the  transmitter  is  increased. 

Interesting  results  are  now  being  obtained  in  the  use  for  communi- 
cation purposes  of  very  short  radio  waves  having  frequencies  above 
30,000  kilocycles.  The  work  done  to  date  indicates  that  these  fre- 
quencies are  not  sufficiently  deflected  from  their  paths  by  the  at- 
mosphere to  follow  the  earth's  curvature.  This  characteristic 
appears  to  prevent  the  use  of  these  very  short  radio  waves  for  direct 
transmission  over  long  distances  and  limits  direct  transmission  to 
distances  so  short  that  the  earth's  curvature  is  not  a  large  factor.     For 
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this  reason  the  very  high  frequency  range  is  not  indicated  in  Fig.  7  as 
suitable  for  intercontinental  circuits.  Where  the  route  is  over-land  it 
is  possible  that  such  rays  may  find  practical  use  in  forming  links  in 
intercontinental  circuits  particularly  where  the  topography  of  the 
country  affords  advantageous  elevated  locations  for  intermediate  re- 
peater points.  Too  little  is  now  known  of  these  very  short  waves  to 
make  their  discussion  other  than  speculative. 

An  important  requirement  for  radio  for  overseas  telephone  circuits 
is  the  avoidance  of  overhearing.  A  number  of  the  overseas  circuits 
now  in  operation,  including  the  transatlantic  group,  are  equipped 
with  privacy  arrangements  which  so  modify  the  frequency  disposition 
of  the  voice  waves  as  to  prevent  overhearing  of  the  conversations  by 
other  radio  stations  not  equipped  with  similar  arrangements.  Experi- 
ments have  been  made  with  more  elaborate  arrangements  for  obtaining 
an  even  higher  degree  of  privacy  than  that  now  provided. 

Long  Wave  Circuits 

Experience  has  shown  that  good  results  can  be  obtained  in  the 
long-w-ave  range  on  such  circuits  as  those  between  North  America  and 
Europe  which  are  3000  miles  (5000  kilometers)  long  and  have  their  trans- 
mission paths  at  a  high  latitude.  A  fundamental  limitation  to  the 
extensive  use  of  long  waves,  however,  is  that  within  the  range  of 
suitable  frequencies  there  are  theoretically  obtainable  only  about 
twenty  telephone  channels  between  any  two  points.  Actually  how- 
ever, there  are  not  this  many  available  because  of  the  practical 
limitations  imposed  by  the  necessity  of  sharing  this  range  of  frequencies 
with  other  types  of  radio  service.  The  relatively  low  attenuation  of 
these  waves  as  they  are  transmitted  over  the  earth's  surface  makes  it 
appear  impractical  to  use  duplicate  intercontinental  circuits  of  the 
same  frequency  at  different  points  on  the  earth's  surface.  The  total 
number  of  circuits  of  the  long-wave  type  which  can  form  a  part  of 
the  ultimate  world-wide  telephone  network  seems,  therefore,  to  be 
very  small. 

Other  limitations  in  the  use  of  long- wave  circuits  are  that  with  the 
amounts  of  power  which  it  now  seems  practicable  to  use  (a  tube 
capacity  of  about  300  kilowatts  is  used  in  the  transmitter  of  the 
present  transatlantic  long  wave  circuit)  their  successful  application 
does  not  exceed  several  thousand  kilometers  and  is  confined  to  routes 
well  outside  of  the  equatorial  regions.  These  limitations  are  necessary 
to  avoid  excessive  interference  from  atmospheric  disturbances,  both 
because  of  the  relatively  large  components  of  these  disturbances  having 
frequencies  in  the  range  of  wave-lengths  used  by  these  circuits,  and 
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also  because  of  the  difficulty  of  obtaining  a  high  degree  of  directivity. 
Advantage  has  been  obtained  in  the  transatlantic  long-wave  channel 
by  locating  directive  receiving  antennas  in  the  most  northerly  portions 
of  the  United  States  and  Great  Britain. 

Short-Wave  Radio 

The  short-wave  range,  as  indicated  in  Fig.  7,  covers  a  very  much 
broader  band  of  frequencies  and  offers  hope  for  a  much  larger  number 
of  circuits.  Only  a  portion  of  the  entire  range  can  be  used  at  any  one 
time  for  circuits  between  any  two  points  because  the  distance  at  which 
the  refracted  waves  reach  the  earth's  surface  varies  with  the  frequency. 
It  also  varies  with  the  time  of  day  and  the  season  of  year,  making  it 
necessary,  in  general,  to  have  about  three  different  wave-lengths 
allocated  for  each  circuit.  In  view  of  this  limitation,  it  appears  that 
this  range  can  provide  theoretically  perhaps  50  telephone  circuits 
between  two  given  points.  This  theoretical  possibility  is  reduced  by 
practical  considerations  and  by  the  necessity  of  sharing  the  range  with 
other  radio  services. 

Due,  however,  to  the  fact  that  short  waves  are  more  restricted 
than  long  weaves  in  distance  and  in  the  time  of  day  for  which  they  are 
effective,  it  may  be  possible  to  use  the  same  frequency  for  different 
circuits  in  several  parts  of  the  world  without  interference.  It  seems 
now  that  the  development  of  the  present  art  may  make  available 
throughout  the  entire  world  short-wave  intercontinental  circuits 
numbered  in  the  hundreds  but  not  in  the  thousands.  This  is  not  an 
inexhaustible  supply  of  channels  for  the  world  to  share  as  is  illustrated 
by  the  very  much  larger  number  of  telephone  circuits  already  required 
for  long  distance  service  in  the  great  continental  telephone  networks. 
In  the  United  States  alone  there  are  about  6500  circuits  in  long  dis- 
tance service  of  which  620  are  over  600  miles  (1000  kilometers)  in  length. 

The  fact  that  by  proper  selection  of  frequency  it  is  possible  to 
communicate  over  the  longest  distances,  gives  short  waves  a  flexibility 
w^hich  is  unique.  They  give  particularly  good  results  in  routes 
crossing  the  equator,  such  as  circuits  between  Europe  or  North 
America  and  South  America,  for  which  routes  long-wave  transmission 
would  be  impracticable  because  of  heavy  atmospheric  disturbances. 
On  the  other  hand,  short-wave  transmission  is  subject  to  variations 
and  interruptions  from  fading,  distortion,  and  effects  connected  with 
terrestrial  magnetic  disturbances.  These  effects  appear  to  be  particu- 
larly severe  on  circuits  involving  routes  of  transit  near  the  polar 
regions,  such  as  the  route  between  North  America  and  Europe. 
Some  of  these  effects  are  illustrated  in  Figs.  8  and  9  which  give  data 
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taken  on  the  United  States-Europe  route  and  which  show,  for  com- 
parison, the  relatively  stable  conditions  for  the  long- wave  channel. 
In  many  respects  short-wave  and  long-wave  radio  channels  admirably 
supplement  each  other,  being  seldom  interrupted  at  the  same  time. 
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Fig.  8 — Diurnal  field  strength  characteristics  of  long  and  short-wave  transmission 
over  the  North  Atlantic.  Shows  effect  of  sunrise  and  sunset  on  the  long  wave  and 
the  necessity  with  short  waves  for  using  different  wave-lengths  at  different  times 
of  day. 

Short-wave  transmission  is  in  an  early  stage  of  development  and  it 
may  be  hoped  that,  with  further  experience,  means  will  be  found  to 
avoid  or  reduce  at  least  some  of  the  present  major  limitations. 

Wire  Circuits 

The  intercontinental  routes  offer  great  difficulties  to  the  placing 
of  wire  circuits.  However,  the  limitations  of  radio,  particularly  on 
the  intercontinental  routes  between  North  America  and  Europe 
interconnecting  the  two  largest  continental  groups  of  telephones,  have 
naturally  led  to  considerable  engineering  thought  on  the  possibilities 
of  wire  circuits.  The  most  interesting  development  in  this  connection 
is  a  submarine  cable  which  can  be  used  for  long  lengths  without 
intermediate  repeaters. 
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Long  Submarine  Cables  Without  Intermediate  Repeaters 

To  design  long  submarine  cables  without  repeaters  requires  providing 
the  mechanical  characteristics  necessary  for  deep  sea  cables  and 
meeting  rather  definite  limits  of  overall  attenuation.     There  is  a  limit 
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Fig.  9 — The  upper  curve  indicates  the  short  period  stability  of  the  long  waves. 
The  lower  cur\-e  indicates  the  rapid  variations  which  are  frequently  experienced 
with  short-wave  transmission. 

to  the  power  which  can  be  imposed  on  the  sending  end  of  the  cable 
to  avoid  excessive  voltage  stress  on  the  cable  insulation.  Even 
though  the  cable  be  adequately  shielded  from  extraneous  noises, 
there  is  a  minimum  amount  of  received  power  with  which  satisfactory 
transmission  can  be  obtained  because  of  the  thermal  agitation  in  the 
conductor  itself.  These  two  limits  result  in  a  maximum  attenuation 
of  about  160  db  for  satisfactory  operation  over  such  a  cable. 

The  actual  design  of  intercontinental  telephone  cables  has  been 
largely  directed  toward  the  North  Atlantic  route  between  the  United 
States  and  Europe,  including  a  direct  section  from  Newfoundland  to 
Ireland,  a  distance  of  about  2100  miles  (3400  kilometers).  By  the 
use  of  a  new  insulating  material,  paragutta,  with  dielectric  losses  about 
one-thirtieth  those  of  guttapercha,  but  with  similar  mechanical  char- 
acteristics, and  by  the  use  of  perminvar,  a  new  magnetic  material  for 
loading  the  cable,  it  has  been  possible  to  design  a  cable  for  this  section 
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meeting  both  the  mechanical  and  electrical  requirements.  With  the 
further  development  of  intercontinental  communications,  it  is  proposed 
to  lay  such  a  cable  within  a  few  years.  With  the  materials  now 
available,  such  a  cable  will  provide  only  one  channel  of  communica- 
tion, and  two-way  communication  will  be  carried  out  by  using  it  as  a 
one-way  channel  automatically  switched  in  the  direction  of  transmis- 
sion by  the  voices  of  the  users.  Transatlantic  cables  providing  several 
telephone  channels  either  by  the  use  of  separate  conductors  or  by 
carrier  current  methods  are  beyond  the  range  of  the  present  art. 

The  direct  submarine  cable  while  relatively  expensive,  is  expected 
to  provide  a  high  grade  circuit  having  a  stability  and  a  freedom  from 
interruption  greater  than  that  provided  by  the  present  radio  circuits. 
Proper  combination  of  three  different  types  of  circuit,  long  and  short- 
w^ave  radio  and  cable,  in  one  circuit  group,  however,  should  provide  a 
large  measure  of  assurance  of  continuous  high  grade  service  not 
dependent  on  the  troubles  which  may  affect  any  one  type  of  circuit, 
and  at  an  average  expense  not  greatly  above  that  required  for  radio 
circuits  alone. 

Other  Wire  Routes 

The  technical  possibilities  of  wire  circuits  on  intercontinental  routes 
are  evidently  greatly  increased  where  means  can  be  found  to  avoid 
long  lengths  of  submarine  cables  by  the  use  of  intermediate  repeater 
stations.  On  the  direct  route  between  Europe  and  America,  nature 
has  not  been  kind  enough  to  supply  a  series  of  islands  at  convenient 
distances  and  reasonably  low  latitudes  to  serve  as  repeater  points. 
By  going  north,  long  lengths  of  submarine  could  be  avoided.  For 
example,  a  route  through  Greenland,  Iceland  and  the  Faroe  Islands 
could  be  laid  out  with  a  maximum  length  of  submarine  cable  of 
300  miles  (500  kilometers).  The  obvious  difficulties  of  the  route  are 
the  great  extents  of  inaccessible  and  sparsely  settled  country,  and  the 
placing  and  maintenance  of  submarine  cable  under  very  difficult  fog, 
storm  and  ice  conditions.  In  the  early  days  of  submarine  telegraphy 
such  a  northern  route  was  seriously  considered  before  the  cable  art  had 
reached  the  point  of  permitting  direct  cables,  but  it  was  never  used. 

An  equally  bold  solution  which  has  been  proposed  is  to  float  the 
desired  repeater  stations  in  the  open  sea.  A  good  deal  of  ingenuity 
has  been  exercised  in  considering  the  possibilities  of  both  attended 
and  unattended  floating  repeater  stations  and  of  stations  submerged 
below  the  action  of  the  waves.  So  far,  however,  it  is  by  no  means 
clear  that  the  mechanical  difficulties  and  the  problems  of  maintenance 
can  be  dealt  with  satisfactorily. 
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As  time  goes  on  land  lines  may  become  possible  for  many  inter- 
continental routes  where  now,  because  of  lack  of  highways  or  railways 
and  the  wild  and  unsettled  nature  of  the  country,  they  are  out  of  the 
question. 

Operating  and  Commercial  Proiuems 

In  addition  to  the  technical  problems  and  limitations  associated 
with  the  development  of  a  world-wide  telephone  service  which  are 
outlined  in  the  foregoing  section,  there  are  numerous  operating  and 
commercial  problems  and  still  other  difficulties  of  a  general  nature. 

Differences  in  Time 

Limitations  of  a  fundamental  character  are  imposed  by  the  dif- 
ferences in  time  on  different  parts  of  the  earth's  surface.  These 
differences  for  a  number  of  the  principal  metropolitan  centers  of  the 
world  are  indicated  in  Fig.  10.  If  the  business  day  be  assumed  to  be 
8  hours  long,  it  is  evident  that  as  a  result  of  the  dififerences  in  time 
there  is  for  each  city  one-third  of  the  earth's  surface  on  which  the 
time  is  so  different  from  that  of  the  city  in  question  that  there  is  no 
overlap  of  the  business  day.  For  western  Europe  this  third  of  the 
world  is  for  the  most  part  in  the  Pacific  Ocean,  so  that,  as  will  be 
noted  from  Fig.  10,  there  are  few  important  centers  in  the  world  in 
which  the  time  is  more  than  8  hours  different  from  that  of  western 
Europe.  The  western  part  of  the  Ignited  States,  however,  has  time 
differences  of  more  than  8  hours  with  a  large  part  of  Europe,  Asia 
and  Africa.  During  some  portion  of  the  waking  day  there  is  an 
overlap  of  time  between  any  two  points  on  the  earth. 

Language 

Another  limitation,  though  of  a  less  inherent  nature,  is  the  difference 
in  language  between  different  nations.  There  is  as  yet  no  evidence 
that  the  electrical  requirements  for  satisfactory  transmission  of  speech 
are  substantially  different  with  different  languages,  but  language 
differences  produce  a  problem  in  many  intercontinental  telephone 
conversations  as  often  one  subscriber  is  using  a  language  of  which 
he  is  not  w^holly  master,  and  this  may  sometimes  apply  to  both. 
Under  these  conditions  the  transmission  requirements  of  the  circuit 
for  a  given  ease  of  carrying  on  con\ersations  is  unquestionably  greater 
than  when  the  subscribers  are  conversing  in  their  ngtiv^e  tongue. 
Hence,  there  is  need  in  the  ultimate  development  of  intercontinental 
telephone  systems  for  a  high  standard  of  transmission. 

Language  differences  also  complicate  the  operating  problem,  as  it  is 
important  that  the  operators  understand  each  other  easilv.     This  is 
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accomplished  to  a  large  extent  at  the  present  time  by  providing 
bi-lingual  operators  at  the  terminals  of  international  circuits.  Even 
so.  on  built-up  connections  with  switches  in  several  countries,  operation 
is  cumbersome  since  the  terminal  operators  may  not  be  able  to  talk 
to  each  other  directly.  This  is  one  of  the  problems  to  which  the 
International  Advisory  Committee  on  Long  Distance  Telephony  has 
been  giving  attention.  It  is  out  of  the  question  in  a  world-wide 
telephone  system  to  expect  the  operator  handling  the  call  to  be  able 
in  all  cases  to  talk  directly  with  the  distant  subscriber.  However, 
it  seems  important  from  the  standpoint  of  giving  the  highest  grade 
of  ser\ice  that  ultimately  she  should  be  able  in  all  cases  to  talk  directly 
and  easily  with  the  operator  at  the  distant  national  terminal,  no 
matter  where  this  may  be. 

Operating  and  Commercial  Practices 

The  continental  telephone  networks  have  in  the  past  developed  to 
a  large  extent  independently  of  each  other,  and  it  is  therefore  natural 
that  there  should  now  exist  differences  in  operating  and  commercial 
practices,  some  of  which  must  be  considered  in  giving  intercontinental 
service.  In  Europe  and  in  the  United  States,  to  take,  for  example, 
the  two  largest  networks,  the  point  of  view  in  the  development  of  the 
telephone  systems  has  been  somewhat  different.  In  Europe  emphasis 
has  been  laid  on  the  continuous  use  of  the  long  toll  circuits,  developing 
for  them  as  large  a  message  capacity  as  possible,  while  in  the  United 
States  emphasis  has  been  given  to  the  rapid  completion  of  all  calls. 
This  difference  in  point  of  view  naturally  led  to  differences  in  practice. 
For  example,  the  classification  of  service  based  upon  urgency  and  the 
limitation  in  length  of  conv^ersations  generally  in  use  in  Europe  are 
not  found  in  American  practice.  Also,  an  important  factor  in  Ameri- 
can practice  for  connections  over  long  distances  is  the  so-called  person- 
to-person  service  in  which  a  specified  person  is  called  rather  than  a 
specified  telephone  num.ber,  and  the  order  is  considered  satisfied  only 
when  the  person  called  is  brought  to  the  telephone.  This  service 
has  not  been  generally  used  in  European  practice.  These  serve  as 
illustrations  of  the  type  of  difference  in  practice  which  must  be  adjusted 
between  the  administrations  involved  in  establishing  new  inter- 
continental services,  and  it  is  evident  that  as  these  services  become 
more  used  and  more  nearly  uni\ersal,  these  adjustments  will  become 
increasingly  important. 

A  consideration  which  might  be  important  in  the  de\elopment  of 
intercontinental  services  in  some  cases  is  a  difference  in  standards  of 
transmission  or  of  speed  of  completion   of  calls.     In   recent  years 
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there  has  been  in  all  large  telephone  networks  a  trend  towards  higher 
standards  of  service  and  this  has  been  a  favorable  factor  in  making 
possible  the  beginnings  of  an  intercontinental  service. 

Gkxekal  Discussion  and  Conclusions 
The  extension  of  overseas  telephony  during  the  past  five  years  has 
already  linked  together  into  one  system  all  of  the  largest  continental 
telephone  networks  of  the  world  and  w^th  the  completion  of  further 
extensions  now  under  way,  this  world-wide  system  will  include  all  but 
two  of  the  wire  networks  which  give  access  to  more  than  20,000 
telephones  in  all  six  continents  of  the  earth.  True,  many  of  these 
overseas  connections  are  as  yet  but  slender  threads  of  conversation, 
important  perhaps  not  so  much  because  of  the  communication  which 
they  now  handle  but  because  they  represent  the  first  realization  of 
great  possibilities  in  the  achievement  of  a  world-wide  telephone  system 
closely  linking  together  the  continents  of  the  earth.  In  the  words  of 
Mr.  Walter  S.  Gift'ord,  President  of  the  American  Telephone  and 
Telegraph  Company,  in  the  Annual  Report  of  that  company  for  the 
year  1926,  the  ultimate  ideal  of  a  world-wide  system  is  that  it  shall 
enable  "anyone  anywhere  to  pick  up  a  telephone  and  talk  to  anyone 
else  anywhere  else,  clearly,  quickly  and  at  a  reasonable  cost." 

What  are  the  obstacles  to  the  realization  of  this  ideal  for  world-wide 
telephony?  Intercontinental  service  is  subject  to  extraordinary 
technical  and  operating  difficulties  and  as  yet  only  the  first  steps  in 
overcoming  these  difficulties  have  been  taken.  The  quality  of  service 
at  the  present  time  both  as  regards  transmission,  continuity  and  speed 
of  service  is  not  comparable  with  that  given  today  on  the  large  conti- 
nental telephone  networks,  but  is  more  comparable  to  the  standards 
of  service  on  long  continental  connections  in  the  early  days  of  their 
development  15  years  ago.  The  costs  of  intercontinental  service  are 
materially  higher  than  the  costs  for  the  longest  connections  on  conti- 
nental networks  even  where  distances  are  similar.  These  facts 
indicate  that  to  a  large  extent  the  future  development  of  interconti- 
nental telephony  is  dependent  upon  a  continuance  of  those  brilliant 
advances  in  the  communication  art  which  have  made  our  present 
intercontinental  circuits  possible.  Further  technical  developments 
making  it  possible  to  improve  the  quality  and  reduce  the  cost  of 
intercontinental  services  will,  as  they  become  available,  have  a 
tremendous  effect. 

The  development  of  overseas  services  of  large  magnitude  will 
require  a  closer  coordination  between  the  telephone  plants  and 
practices  of  the  various  continental  wire  networks  than  exists  at  the 
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present  time.  The  circuits  which  will  form  the  connecting  link 
between  the  subscriber  and  the  terminals  of  the  overseas  circuits 
must  have  such  transmission  characteristics  as  to  provide  for  satis- 
factory operation  of  the  complete  connection,  including  the  overseas 
circuit  and  the  continental  extensions  at  both  ends.  In  one  respect 
this  will  impose  requirements  more  severe  than  necessary  where 
continental  service  alone  is  in  question.  We  refer  to  the  velocity  of 
transmission  which  determines  the  elapsed  time  between  the  speaking 
of  a  word  at  one  end  of  a  circuit  and  its  reception  at  the  other  end. 
Losses  of  power  and  electrical  distortions  in  circuits  may,  within 
limits,  be  compensated  for  but  time  once  lost  in  the  propagation  of 
the  conversation  over  the  circuit  cannot  be  regained. 

Equally  important  is  the  closer  coordination  of  operating  methods 
and  commercial  practices  in  so  far  as  they  affect  intercontinental 
communications.  It  is  natural  that  continental  telephone  networks 
developing  more  or  less  independently  should  represent  somewhat 
different  solutions  of  the  operating  and  commercial  problems  involved 
in  giving  telephone  service.  Intercontinental  service  brings  new 
problems  and  requires  the  development  of  new  operating  methods 
and  new  commercial  practices  designed  to  simplify  and  expedite  the 
handling  of  these  connections. 

In  the  closer  cooperation  between  telephone  administrations  and 
the  consideration  of  their  joint  problem  which  comes  with  the  develop- 
ment of  intercontinental  telephone  service,  it  is  increasingly  important 
that  they  have  commonly  accepted  methods  of  measuring  and  of 
expressing  all  of  the  quantities  affecting  the  types  and  grade  of  service 
to  be  given.  The  International  Advisory  Committee  on  Long  Distance 
Telephony  (The  C.  C.  I.)  which  has  been  active  in  facilitating  the 
cooperation  of  European  administrations  in  the  improvement  of 
international  telephony  in  Europe,  has  included  in  its  prograhi  the 
development  of  internationally  accepted  terms  and  units  which  will 
be  of  help  to  the  nations  of  the  world  in  their  rendering  of  interconti- 
nental service. 

The  commercial  success  of  an  intercontinental  telephone  service 
depends  upon  the  existence  at  its  terminals  of  wire  networks  by 
means  of  which  large  numbers  of  telephone  subscribers  can  be  given 
connection  to  the  intercontinental  circuits.  The  ultimate  development 
of  a  really  universal  service  depends,  therefore,  in  part  on  the  creation 
of  large  national  or  continental  wire  telephone  networks  in  the  areas 
where  these  do  not  now  exist.  It  is  only  in  so  far  as  this  takes  place 
that  it  will  become  practical  to  realize  world-wide  telephony. 

As  world-wide  telephony  overcomes  these  obstacles  and  develops 
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in  magnitude  and  completeness,  what  form  will  the  system  take? 
It  is,  of  course,  too  early  to  give  a  categorical  answer  to  this  question, 
but  present  development  gives  us  some  indications  from  which  to 
judge  the  future. 

Considering  first  the  field  of  use  of  the  various  types  of  circuit, 
it  seems  that  radio  circuits  will  for  a  long  time  fill  an  important  field 
in  the  provision  of  intercontinental  circuits.  This  is  particularly  true 
of  the  short-wave  systems  which  seem  to  be  best  adapted  for  pioneer 
work  such  as  is  going  on  at  the  present  time  on  light  traffic  routes. 
Here  their  imperfect  reliability  is  more  than  offset  by  their  flexibility 
and  relative  economy.  Long-wave  radio  will,  no  doubt,  continue  to 
be  valuable  for  certain  routes  where  the  direction  of  transmission  is 
east  and  west  and  at  a  high  latitude,  but  the  limit,  which  is  apparently 
inherent,  on  the  total  number  of  circuits  of  this  type  that  can  be 
used  simultaneously  in  the  world  would  seem  to  prevent  them  from 
supplying  any  large  part  of  the  world's  future  needs  for  intercontinental 
circuits.  Radio  telephony,  both  short-wave  and  long-wave,  must 
compete  for  wave-lengths  with  other  forms  of  radio  service.  It  is 
evident  from  the  important  part  that  radio  must  continue  to  play  in 
world  telephony  that  the  increasing  needs  for  wave-lengths  for  this 
rapidly  growing  service  will  require  special  consideration  in  future 
international  radio  conferences.  Wire  circuits  which  in  the  present 
pioneer  stage  are  just  beginning  to  enter  the  scene,  will  undoubtedly 
become  more  important  for  the  principal  circuit  groups  as  interconti- 
nental communication  develops. 

As  the  amount  of  intercontinental  traffic  builds  up,  and  as  the 
technical  form  and  best  routing  of  the  telephonic  relations  between 
continents  become  established,  it  is  to  be  expected  that  experience 
will  show  the  advisability  of  adopting  a  fundamental  routing  and 
switching  plan  similar  to  those  plans  which  have  already  been  con- 
sidered and  put  into  use  for  some  of  the  large  continental  networks. 
It  is  now  too  early  to  suggest  in  any  detail  the  form  of  such  a  switching 
plan,  but  it  seems  that  while  political  considerations  may  temporarily 
affect  the  form  of  the  network,  ultimately  the  requirements  of  economy 
and  good  service  which  have  determined  the  form  of  continental 
plans  now  in  use  will  be  weighty  factors  in  the  planning  of  a  world-wide 
fundamental  switching  plan.  This  gives  a  clue  to  some  of  its  char- 
acteristics. 

The  splitting  of  circuit  time  between  different  terminal  wire  net- 
works, while  a  valuable  expedient  for  offering  service  under  pioneer 
conditions,  will  naturally  disappear  generally  as  sufficient  traffic 
develops  to  justify  a  full  time  circuit  on  a  given  route.     This  may  be 
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expected  to  be  followed  by  the  development  of  small  circuit  groups 
between  the  more  important  continental  telephone  networks,  each 
group  being  operated  as  a  unit  between  fixed  terminal  points.  The 
advantages,  while  circuit  groups  are  small,  of  concentrating  inter- 
continental traffic  as  far  as  possible  between  the  same  terminals 
rather  than  diverting  it  to  individual  circuits  between  different 
terminal  points,  are  great.  As  an  illustration,  betw^een  the  United 
States  and  Europe  where  the  volume  of  traffic  has  already  led  to  the 
development  of  a  circuit  group,  the  operation  of  the  six  circuits  now 
contemplated  as  a  unit  is  estimated  to  give  for  the  same  grade  of 
service  a  capacity  one  third  greater  than  would  be  afforded  by  six 
separate  circuits  of  the  same  character  between  different  terminal 
points.  The  inclusion  in  one  group  of  circuits  of  three  different  types, 
short-wave  radio,  long-wave  radio  and  cable,  will  afford  a  continuity 
of  service  and  an  insurance  against  interruption  far  beyond  what 
could  be  achieved  with  single  circuits.  A  single  circuit  group  between 
the  two  continental  networks  is  also  advantageous  from  a  service 
standpoint  because  of  the  simpler  operating  arrangements. 

While  the  first  stage  in  the  development  of  intercontinental  business 
appears  to  indicate  the  concentration  of  intercontinental  traffic  in  so 
far  as  the  extent  of  continental  networks  makes  this  practicable,  a 
second  stage  in  the  development  will  naturally  be  the  establishment 
of  additional  circuit  groups  between  other  points  of  the  networks. 
This  becomes  economical  and  desirable  from  a  service  standpoint 
when  the  original  circuit  group  becomes  large  enough  to  permit  of 
subdivision  without  great  loss  in  efficiency  and  when  the  amount  of 
traffic  which  can  be  conveniently  handled  through  additional  points 
in  the  continental  wdre  networks  is  sufficient  to  fill  the  time  of  a  group 
of  several  circuits.  Hence,  it  is  to  be  expected  that  the  ultimate 
switching  plan  for  w^orld-wide  telephony  will  include  between  large 
continental  networks,  such  for  example  as  exist  in  Europe  and  in  the 
United  States,  a  number  of  groups  of  overseas  circuits  between 
different  terminal  points  selected  so  as  to  handle  the  traffic  most 
conveniently  and  economically.  Such  a  plan  would  also  necessarily 
provide  arrangements  for  the  use  of  alternate  routes.  In  any  case 
the  ultimate  best  pian  from  the  standpoint  of  service  and  economy 
will  depend  upon  the  \olume  of  traffic. 

The  technical  achievements  which  have  made  possible  the  linking 
together  of  the  continents  of  the  earth  with  telephone  circuits  are  in 
a  high  degree  romantic.  What  may  be  accomplished  for  the  benefit 
of  mankind  by  the  continued  development  of  this  world-wide  telephone 
network  depends  upon  what  is  said  over  the  telephone  circuits.     It  is 
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the  hope  of  scientists  and  engineers  who  have  been  engaged  in  this 
work  that  this  closer  knitting  together  of  the  nations  and  races  of  the 
world  will  be  a  great  contribution  to  international  friendship  and 
good  will.  Mr.  ("oolidge,  President  of  the  I'nited  States  in  1927, 
on  the  occasion  of  the  opening  of  the  telephone  connection  between 
the  Ignited  States  and  Spain,  gave  apt  expression  to  this  thought 
when  he  said,  "I  believe  it  to  be  true  that  when  two  men  can  talk 
together  the  danger  of  any  serious  disagreement  is  measurably  lessened, 
and  that  what  is  true  of  individuals  is  true  of  nations.  The  inter- 
national telephone  which  carries  the  warmth  and  the  friendliness  of 
the  human  voice  will  always  correct  what  might  be  misinterpreted  in 
the  written  word." 
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Long  Distance  Telephone  Circuits  in  Cable* 

By  A.  B,  CLARK  and  H.  S.  OSBORNE 

This  paper  first  very  briefly  reviews  the  history  of  long  distance  telephone 
cables  in  the  United  States.  A  statement  is  then  given  of  the  basis  of  the 
electrical  design  of  present  day  cables,  followed  by  a  discussion  of  the 
standards  applied  to  cable  circuits  and  the  application  of  cables  to  the 
telephone  needs  of  the  country.  While  the  present  system  is  satisfactory 
for  the  circuits  now  used  in  cable  up  to  distances  of  1800  miles  (3000  kilo- 
meters) or  more,  it  would  not  be  satisfactory  for  the  much  greater  distances 
expected  for  the  future,  both  for  continental  and  intercontinental  service. 
The  paper  closes  with  a  brief  account  of  the  progress  which  has  been  made 
in  the  development  of  a  cable  carrier  telephone  system  which  is  expected 
to  be  satisfactory  for  any  distances  which  may  in  the  future  be  spanned  by 
telephone  circuits  in  cable. 

The  authors  wish  to  acknowledge  their  appreciation  of  the  assistance 
given  them  by  a  number  of  their  associates  in  the  American  Telephone  and 
Telegraph  Company,  particularly  Messrs.  L.  G.  Abraham  and  R.  M. 
Goetchius. 


D 


kURING  the  last  two  decades  there  has  been,  in  all  countries 
which  have  a  large  telephone  development,  a  remarkable  increase 
in  the  use  of  long  distance  telephone  circuits  in  cable  resulting  in  the 
building  up  of  such  large  networks  of  long  distance  telephone  cables 
as  those  which  today  cover  the  continent  of  Europe  and  a  part  of  the 
continent  of  North  America.  This  paper  discusses  the  technical 
problems  encountered  in  this  development  and  the  solutions  applied 
in  the  development  of  the  long  distance  cable  network  of  the  United 
States  of  America,  using  this  as  an  illustration  because  it  is  the  tele- 
phone plant  with  which  the  authors  are  most  familiar. 

Important  Cable  Development  Milestones  in  the 

United  States 

The  early  long  distance  telephone  circuits  in  the  United  States 

were  practically  all  open  wire.     In  fact,  great  care  was  exercised  in 

laying  out  open-wire  circuits  to  eliminate  the  necessity  for  using  even 

short  stretches  of  cable.     Cable  began  to  be  considered  seriously  for 

long  distance  service  when  loading  became  available.     In  1902  the 

first  commercially  loaded  cable  circuits  in  the  United  States  were 

installed  between  New  York  City  and  Newark,  N.  J.,  a  distance  of 

about  11  miles  (17  kilometers).     Other  cables  rapidly  followed,  until 

in  1906  loaded  cables  were  installed  between  New  York  and  New 

♦  Presented   at    The    International    Electrical    Congress,    Paris,    France,    July 
5-12,  1932. 
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Haven,  a  distance  of  79  miles  (127  kilometers),  and  between  New 
York  and  Philadelphia,  a  distance  of  87  miles  (140  kilometers). 
These  1906  cables  contained  No.  14  A.  W.  G.  conductors  (1.6  milli- 
meters in  diameter)  and  were  loaded  with  250-millihenry  inductance 
coils  spaced  about  6CG0  feet  (1830  meters)  apart.  By  means  of  these 
cables  it  was  possible  to  obtain  transmission  equivalents  low  enough  so 
that  these  circuits  furnished  what  was  then  considered  very  good  long 
distance  service.  These  early  cables  consisted  entirely  of  physical 
circuits. 

In  order  to  obtain  more  circuits  from  the  same  number  of  wires, 
much  development  effort  was  then  spent  on  methods  for  phantoming 
cable  circuits  and  loading  the  phantoms.  A  number  of  problems 
were  encountered  and  solved,  the  most  serious  being  the  problem  of 
avoiding  undue  crosstalk  between  the  circuits  due  to  fortuitous 
unbalances  introduced  at  the  loading  points  and  between  the  cable 
conductors.  The  problem  was  finally  solved  and  in  1910  a  short 
cable  was  installed  between  Boston  and  Neponset,  Mass.,  providing 
loaded  phantom  circuits  as  well  as  side  circuits,  thus  increasing  the 
number  of  circuits  50  per  cent.  This  was  followed  by  a  rapid  extension 
of  the  use  of  this  type  of  cable. 

The  ultimate  in  large  gauge  loaded  cables  was  achieved  in  1914 
when  the  installation  was  completed  of  underground  cable  from  Boston 
to  Washington,  a  distance  of  450  miles  (724  kilometers).  New  York 
City  being  about  at  the  midpoint.  Some  of  the  conductors  in  the 
cables  were  No.  10  A.  W.  G.  (2.6  millimeters  in  diameter)  while  others 
were  No.  13  A.  W.  G.  (1.8  millimeters  in  diameter).  Most  of  the  load- 
ing consisted  of  200-millihenry  coils  on  the  sides  and  135-millihenry  coils 
on  the  phantoms,  spaced  7400  feet  (2255  meters)  apart.  The  1000-cycle 
losses  per  mile  (per  kilometer)  on  these  circuits  were  .050  (.031)  db  for 
the  sides  and  .040  (.025)  db  for  the  phantoms  for  No.  10  A.  W.  G.  and 
.085  (.053)  db  and  .070  (.043)  db  for  the  side  and  phantom,  respectively, ' 
of  No.  13A.  W.  G. 

The  vacuum  tube  telephone  repeater  was  demonstrated  as  a  great 
success  when  the  New  York-San  Francisco  telephone  line  was  officially 
opened  January  25,  1915.  When  this  device  was  applied  to  the  then 
available  loaded  cable  circuits  various  imperfections,  unimportant  on 
non-repeatered  circuits,  produced  serious  effects,  some  of  which  had 
already  been  encountered  in  the  work  leading  up  to  the  loading  of  the 
open  wire  transcontinental  line.  Among  these  were  the  impedance 
characteristics  of  the  cable  circuits  which  were  irregular  due  in  part 
to  insufficient  stability  and  uniformity  in  the  capacitances  of  the 
individual  loading  sections.     These  impedance  irregularities  prevented 
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good  repeater  balances  being  obtained  and  consequently  restricted 
the  amplification  which  could  be  utilized  on  two-wire  circuits. 

It  was  soon  realized  that  even  if  the  loading  were  made  very  uniform 
tw^o-wire  repeatered  circuits  would  be  restricted  in  their  transmission 
ranges,  partly  because  of  the  unbalances  encountered  at  repeaters 
and  partly  because  of  the  tendency  of  the  circuits  to  crosstalk  into 
each  other.  Experiments  were  therefore  begun  utilizing  the  four-wire 
circuit  method.  When  four-wire  circuits  were  first  set  up  using  the 
large  gauge  loaded  circuits  between  Boston  and  Washington  great 
difficulty  was  experienced  in  obtaining  even  reasonably  uniform 
attenuation  at  different  frequencies.  It  then  became  apparent  that 
smoother  (more  uniform)  circuits  would  be  necessary.  It  also  became 
evident  that  higher  cutoff  frequency  and  higher  velocity  loading  was 
necessary,  in  order  to  widen  the  effective  transmission  band  and  reduce 
delay  distortion  and  echo  effects.  As  a  first  step  in  this  direction  a 
system  of  loading  in  which  inductance  coils  of  175  millihenries  on  the 
side  circuits,  spaced  6000  feet  (1830  meters)  apart,  was  introduced, 
primarily  for  two-wdre  circuits.  This  was  commonly  referred  to  as 
medium-heavy  loading,  having  a  cutoff  frequency  of  approximately 
2800  cycles.  Experiments  on  long  four-wire  circuits  with  this  loading 
which  were  specially  set  up  for  test  confirmed  the  previous  ideas  as 
to  the  seriousness  of  echo  effects  and  delay  distorton  effects  and  made 
it  apparent  that  a  much  lighter  weight  and  higher  cutoff  loading  would 
be  necessary  for  great  distances.  Accordingly,  a  system  of  loading 
known  as  H-44-25  (6000  feet — 1830  meters — spacing  with  44-millihenry 
coils  on  the  sides  and  25-millihenry  coils  on  the  phantoms)  was 
introduced.  This  was  the  beginning  of  modern  long  distance  cable 
circuits  in  America. 

Electrical  Design  of  Toll  Cable  Circuits 

It  is  impracticable  in  a  short  paper  such  as  this  to  deal  fully  with 
all  of  the  considerations  which  determine  the  electrical  design  of  cable 
circuits.  There  are  set  down  here,  however,  the  important  character- 
istics of  the  types  of  circuit  which  have  been  adopted  for  use  in  the 
United  States  and  the  reasons  why  certain  arrangements  were  selected. 
Many  specific  designs  which  will  meet  the  transmission  objectives  are, 
of  course,  possible.  The  designs  selected  have  been  based  upon  the 
aim  of  obtaining  the  desired  results  in  the  most  economical  manner, 
including  the  advantage  which  comes  from  concentrating  on  a  small 
number  of  types  of  circuits,  rather  than  on  a  larger  number  designed 
to  meet  accurately  the  requirements  of  different  types  of  situations. 
In  other  countries  where  the  ratios  of  costs  for  different  parts  of  cable 
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systems  are  different  it  is  to  be  expected  that  the  most  economical 
designs  will  differ. 

Cable  Constants 

The  toll  cable  whicli  is  standard  in  the  Bell  System  plant  has 
capacitance  of  .062  microfarad  per  mile  (.038  mf.  per  km.)  for  the 
side  circuits  and  about  .100  microfarad  per  mile  (.062  mf.  per  km.) 
for  the  phantoms.  There  appears  to  be  little  to  gain  for  voice- 
frequency  circuits  by  varying  materially  from  these  capacitance 
figures. 

With  respect  to  size  of  wire,  No.  19  A.  W.  G.  conductors  (.9-milli- 
meter diameter)  are  well  suited  for  both  two-wire  and  four-wire  circuit 
operation.  No.  16  A.  W.  G.  conductors  (1.3-millimeter  diameter)  have 
been  employed  to  a  considerable  extent  in  the  past.  In  new  cables 
conductors  of  this  gauge  are,  in  general,  used  only  for  relatively  short 
non-repeatered  circuits,  or  for  program  circuits.  At  the  present  time 
the  possible  economic  advantage  of  using  smaller  sizes  of  wire  than 
No.  19  A.  W.  G.  is  so  small  that  it  is  considered  to  be  outweighed, 
in  general,  by  the  greater  complexity  and  variability  of  the  circuits 
which  would  result. 

Side  Circuits  and  Phantoms 

With  the  exception  of  program  transmission  circuits,  multiple  twin 
quads,  utilizing  both  the  side  and  phantom  circuits,  are  used  exclu- 
sively. 

The  ratio  between  the  capacitances  of  phantoms  and  side  circuits 
is  about  1.6,  while  the  ratio  of  resistances  is  0.5.  Because  of  this  the 
phantoms  which  are  loaded  for  the  same  cutoff  frequency  as  the  side 
circuits  have  lower  attenuation  and  lower  impedance  than  the  side 
circuits.  For  repeatered  circuits  the  phantoms  and  sides  are  so 
operated  that  they  give  substantially  equal  transmission  results,  this 
being  desirable  for  flexibility  reasons. 

Two-Wire  and  Four-Wire  Circuits 

As  is  well  known,  two-wire  repeatered  circuits  are  more  economical 
for  the  shorter  distances  while  four-wire  circuits  are  necessary  to 
economically  provide  satisfactory  transmission  for  longer  distances. 
It  is  possible  for  terminating  business  to  design  two-wire  cable  circuits 
which  will  deliver  good  telephone  service  for  distances  of  at  least 
900  miles  (about  1500  kilometers).  However,  to  meet  the  transmission 
standards  current  in  the  United  States  four-wire  circuits  are  generally 
more  practicable  for  distances  more  than  two  or  three  hundred  miles 
(a  few  hundred  kilometers). 
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Inductance  and  Spacing  of  Loading  Coils 

Theoretically  the  inductance  and  spacing  of  loading  coils  might  be 
varied  for  each  circuit  length  in  order  to  obtain  the  most  economical 
design.  Studies  which  have  been  made,  however,  indicate  that, 
taking  into  account  the  advantage  of  flexibility,  it  is  desirable  to  use 
only  two  types  of  spacings  of  loading  coils  and  only  two  general  types 
of  loading  units.  In  the  Bell  System  the  toll  loading  coil  spacings  are 
3000  feet  (915  meters)  and  6000  feet  (1830  meters),  loading  with 
these  spacings  being  designated  B  and  H,  respectively.  For  two-wire 
circuits,  88-millihenry  loading  coils  for  the  sides  and  50-millihenry 
coils  for  the  phantoms  are  used  with  both  spacings,  giving  loadings 
designated  as  B-88-50  and  H-88-50.  The  choice  between  these  is 
dictated  by  the  repeater  spacing.  If  less  than  about  45  miles  (72 
kilometers),  H-88-50  loading  is  used;  if  greater,  B-88-50  is  used. 
Two-wire  H- 172-63  loading  was  used  in  the  past  for  two-wire  circuits 
but  this  has  now  been  given  up  for  new  work  in  favor  of  the  wider 
frequency  band  B  and  H-88-50  systems. 

For  four-wire  circuits,  as  stated  above,  the  standard  loading  is 
H-44-25  meaning,  of  course,  6000-foot  (1830-meter)  spacing  of  coils 
with  44-millihenry  coils  on  the  sides  and  25-millihenry  coils  on  the 
phantoms. 

Important  Transmission  Characteristics  of  Loaded  Cable  Conductors 

The  characteristics  of  loaded  cable  circuits  depend  principally  upon 
the  electrical  constants  of  the  cable  conductors,  the  inductance  of  the 
loading  coils  and  their  spacing.  Some  of  the  more  important  trans- 
mission characteristics  of  the  loaded  cable  systems  employing  cables 
and  loading  coils  of  the  type  just  described  are  given  in  Table  I. 

Spacing  of  Repeaters  and  Automatic  Transmission  Regulators 

Repeaters  are  spaced  as  close  to  50  miles  (80  kilometers)  apart  as 
practicable.  In  the  past  variations  upward  from  this  to  about  60 
miles  (100  kilometers)  were  allowed  but  it  is  now  believed  best  to 
avoid  such  long  spacings.  Where  the  location  of  cities  or  other 
geographical  situations  make  it  desirable,  spacings  less  than  50  miles 
(80  kilometers)  are  used. 

Automatic  transmission  regulators  are  provided  for  circuits  in  aerial 
cables  in  excess  of  50  to  100  miles  (80  to  160  kilometers)  in  length 
and  are  preferably  placed  at  every  second  repeater  station.  The 
devices  are  such,  however,  that  satisfactory  results  may  be  obtained 
if  regulators  are  as  far  apart  as  about  150  miles  (250  kilometers), 
while  under  certain  conditions  circuit  flexibility  considerations  call 
for  regulators  at  adjacent   repeater  stations.     With   cable  entirely 
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underground  transmission  regulators  will  function  satisfactorily  from 
the  electrical  standpoint  spaced  as  far  apart  as  300  miles  (500  kilo- 
meters) although  circuit  flexibility  considerations  usually  call  for 
breaking  circuits  up  into  shorter  regulator  sections.  In  general, 
regulators  are  provided  for  all  circuits  in  underground  cable  in  excess 
of  approximately  180  miles  (300  kilometers)  in  length. 

TABLE   I 

Characteristics  of  19-Gauge  Repeatered  Toll  Cable  Circuits 


Two  Wire 

Four  Wire 
11-44-25 

B-88-50 

H-88-50 

Side 

Phantom 

Side 

Phantom 

Side 

Phantom 

Characteristic    Impedance — 

Ohms  at  1000  Cycles  .  .  . 

1,560 

930 

1,120 

670 

800 

450 

Attenuation  at  1000  Cycles 

db  Per  Kilometerat  55°  F~. 

.17 

.15 

.22 

.19 

.30 

.25 

db  Per  Mile  at  55°  F 

.28 

.23 

.35 

.30 

.47 

.39 

Nominal  Velocity — - 

Kilometers  Per  Second.  .  .  . 

16,000 

17,000 

23,000 

24,000 

31,500 

33,000 

Miles  Per  Second 

10,000 

10,500 

14,300 

15,000 

19,000 

20,000 

Cutoff  Frequency  of  Loading 

— Cycles  Per  Second.  .  .  . 

5,600 

5,900 

4,000 

4,200 

5,600 

5,900 

Attenuation  Change  at  1000 

Cycles — 

db  Per  Kilometer 

Aerial  (55°-109°  F.)    ... 

.019 

.016 

.025 

.022 

.034 

.029 

Underground      (55°-73° 

F.) 

.007 

.006 

.009 

.007 

.011 

.010 

db  Per  Mile 

Aerial  (55°-109°  F.) .  .  .  . 

.031 

.026 

.041 

.035 

.055 

.046 

Underground      (55°-73° 

F.) 

.011 

.009 

.014 

.012 

.018 

.015 

*    '/ 

Gains  of  Repeaters 

In  four-wire  circuits  the  spacing  of  the  repeaters  and  their  gains 
depends  largely  on  "one-way  circuit"  considerations.  The  maximum 
levels  are  fixed  by  the  repeater  and  loading  coil  capacities  to  handle 
speech  waves  without  distortion,  the  lower  levels  being  fixed  primarily 
by  noise.  The  lower  levels  also  depend  somewhat  on  crosstalk  con- 
siderations, particularly  crosstalk  between  circuits  transmitting  in 
opposite  directions  but  this  crosstalk  is  usually  not  controlling.  The 
upper  level  limit  used  is  +  10  db  while  the  lower  is  —  24  db,  these 
being  referred  to  the  level  at  the  transmitting  end  of  the  toll  circuit 
as  zero. 

In  two-wire  circuits,  the  above  "one-way  circuit"  considerations 
are  unimportant  in  determining  the  levels,  these  being  largely  fixed 
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by  "two-way"  considerations.  The  important  "two-way"  considera- 
tions are  crosstalk  on  the  one  hand  and  proper  control  of  circulating 
currents  which  might  cause  singing  or  serious  echoes  on  the  other 
hand.  These  considerations  keep  the  repeater  gains  so  low  that  the 
limit  of  repeater  and  loading  coil  capacity  is  not  important  nor  is  the 
lower  limit  at  which  noise  would  become  serious. 

The  most  important  crosstalk  consideration  on  two-wire  circuits  is 
"near-end"  crosstalk.  The  arrangement  of  repeater  gains  which 
gives  lowest  near-end  crosstalk  is  one  in  which  the  output  levels  of 
the  repeaters  are  the  same  throughout  the  circuit  until  the  receiving 
end  is  reached,  at  which  point  the  repeater  gain  is  reduced  or  loss 
inserted  as  necessary  to  give  the  desired  overall  net  loss  for  the  circuit. 

This  arrangement  is  not  best  from  the  standpoint  of  the  circulating 
currents,  however.  From  this  standpoint  the  best  setup  is  one  in 
which  the  repeater  output  levels  "taper"  considerably  from  the  sending 
end  to  the  receiving  end  of  the  circuit. 

In  the  Bell  System  plant  a  compromise  is  made  between  these  two 
considerations  which  calls  for  layout  of  gains  about  as  follows:  At 
the  transmitting  end  the  transmitting  repeater  gain  is  made  such  that 
the  outgoing  level  is  +  3  db.  As  the  transmission  passes  through 
other  repeaters  the  upper  level  is  allowed  to  drop  about  >^  db  per 
repeater  for  average  temperature  conditions.  Finally  at  the  receiving 
end  of  the  circuit  gain  or  loss  is  introduced  to  give  the  required  net 
loss  for  the  circuit.  Of  course,  the  application  of  the  above  rules  for 
laying  out  repeater  gains  results  in  giving  individual  repeaters  different 
gains  in  the  two  directions. 

Smoothness  of  Impedance 

For  two-wire  circuits  it  is  important  that  the  cables  have  a  "smooth  " 
impedance-frequency  characteristic.  To  attain  this  result,  loading 
coil  inductances  are  held  within  close  manufacturing  tolerances  while 
the  cable  capacitance  variations  are  also  carefully  controlled.  In  the 
field  care  is,  of  course,  taken  with  the  spacing  of  the  loading  coils. 
Following  are  some  representative  figures  for  side  circuits  of  fractional 
deviation  from  the  average  values  per  loading  section  or  per  loading 
coil : 

H  Spacing  B  Spacing 

Representative  deviation  of  cable  capacitance  * 013  .018 

Representative  deviation  of  loading  coil  spacing  * 005  .005 

Representative  deviation  of  loading  coil  inductance  * 007  .007 

Total  deviation 016  .020 

*  Representative  deviation  is  the  square  root  of  the  mean  square  of  the  individual 
deviations. 
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Fig.  1 — Representative  return  losses  on  19-ga.  B-88-50  side  circuits.     37  per  cent  of 
the  measurements  show  lower  return  losses.     •  26  circuits  Newark  to  Princeton. 
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Fig.  2 — Representative  return  losses  on  19-ga.  H-88-50  side  circuits.  37  percent 
of  the  measurements  show  lower  return  losses.  O  26  circuits  Princeton  to  Newark. 
•  26  circuits  Princeton  to  Philadelphia. 
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Representative  return  loss  versus  frequency  curves  are  shown  in 
Figs.  1  and  2  for  B-88-50  and  H-88-50  circuits,  respectively,  the 
points  plotted  being  corresponding  measurements  on  actual  field 
facilities. 

In  the  case  of  four-wire  circuits,  impedance  irregularities  are  not  so 
serious.  However,  for  practical  reasons,  the  same  tolerances  are 
usually  followed  for  the  several  parts. 

Control  of  Crosstalk 

For  two-wire  circuits,  the  important  crosstalk  is  near-end  while 
for  four-wire  circuits  it  is  far-end.  For  both  of  these,  crosstalk  between 
circuits  within  a  single  quad  is  greatest  but  crosstalk  between  circuits 
in  different  quads  is  also  important.  For  two-wire  circuits,  in  order 
to  avoid  long  crosstalk  exposures  between  any  two  circuits,  it  is  the 
practice  to  carry  three  circuits  together  in  a  single  quad  only  in  a 
single  repeater  section,  the  circuits  being  systematically  mixed  at  each 
repeater  station.  In  the  case  of  four-wire  circuits  this  mixing  is  done 
only  at  the  ends  of  regulator  sections.  In  both  outside  cables  and 
in  the  ofifice  cable,  care  is  exercised  to  segregate  the  oppositely  bound 
pairs  of  four-wire  circuits  because  of  the  relatively  large  level  differ- 
ences. 

In  the  outside  cables  control  of  crosstalk  involves  adjustments  of  the 
fortuitous  unbalances  in  the  loading  units  and  unbalances  between 
circuits  in  the  loading  sections.  The  following  table  shows  the 
standards  for  phantom-to-side  crosstalk  expressed  in  decibels  ordinarily 
worked  to  for  the  component  parts  of  cable  circuits: 


Two- 

Wire 

Four-Wire 

B-88 

H 

88 

H-44-25 

Avg. 

Max. 

Avg. 

Max. 

.A^vg. 

Max. 

Repeater  section  outside  plant* 
Loading  coil 

78 
96 
93 
79 
80 
86 

91 

82 
96 
94 
82 
86 
84 

91 

76 
96 
94 
80 

82 

84 

74 

Cable  proper  per  load  section 
Toll  office* 

Office  wiring 

Office  equipment 

Repeaters 

*  For  two-wire  circuits  on  the  average  these  values  must  be  decreased  about  8  db 
to  compare  with  overall  value;  for  four-wire  circuits  about  9  db  should  be  added 
to  these  values  to  compare  with  the  overall. 

Note:  All  values  in  table  are  for  a  frequency  of  1250  cycles. 
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Control  of  Delay  Distortion 

In  the  case  of  two-wire  circuits,  since  only  relatively  short  distances 
are  involved,  delay  distortion  does  not  enter  as  a  design  factor.  In 
the  case  of  long  four-wire  circuits  delay  distortion  is  very  important 
and  to  avoid  this,  very  light  weight  and  high  cutoff  loadings  are  used. 
Delay  distortion  may  be  reduced  by  employing  correcting  networks 
which  introduce  distortion  counter  to  that  introduced  by  the  line. 
Such  networks,  in  addition  to  their  cost,  have  the  disadvantage  that 
they  increase  the  total  delay  of  the  circuit.  Their  use  is  not  necessary 
for  the  lengths  of  circuits  and  types  of  construction  now  used  for 
message  telephone  circuits  in  the  United  States. 

Performance  Characteristics 
Minimum  Working  Net  Loss 

In  determining  the  numbers  of  circuits  of  different  types  of  con- 
struction to  be  provided  in  a  proposed  cable  for  long  distance  work, 
it  is  necessary  to  take  into  account  the  limiting  lengths  for  which  the 
different  types  of  circuit  will  meet  the  transmission  requirements 
established  for  different  conditions.  This  limitation  for  repeatered 
circuits  is  not  set  by  attenuation  but  rather  by  singing  margin,  crosstalk 
or  echoes.  The  lowest  net  loss  at  which  a  circuit  equipped  with  re- 
peaters may  be  operated  without  passing  the  limiting  requirements 
for  any  of  these  characteristics  is  called  the  minimum  net  loss  of  the 
circuit.  Since  it  is  desirable  to  keep  the  net  loss  of  a  circuit  at  any 
time  at  least  as  great  as  the  minimum  net  loss,  an  allowance  for  the 
probable  circuit  variations  is  added  to  the  minimum  net  loss  to  obtain 
the  minimum  working  net  loss.  This  minimum  working  net  loss  is  in 
general  not  directly  proportional  to  the  length  of  the  circuit  although 
in  some  cases  within  the  important  range  of  distances  it  can  be  con- 
sidered to  be  proportional  to  a  sufficient  degree  of  accuracy. 

It  is  evident  that  the  minimum  working  net  loss  is  a  characteristic 
of  fundamental  importance  in  the  design  of  new  toll  cables  as  well  as 
in  determining  the  operating  limitations  of  existing  cable  circuits. 
Circuits  having  the  same  type  of  loading  and  the  same  spacing  of 
repeaters  may  have  widely  different  minimum  net  losses.  This  can 
come  about  because  of  differences  in  the  accuracy  with  which  crosstalk 
coupling  is  reduced  in  the  manufacture  and  installation  of  the  cable 
and  its  associated  loading  coils  and  apparatus,  differences  in  the 
degree  of  uniformity  of  these  characteristics  and  differences  in  the 
perfection  of  balance  and  matching  of  impedance  between  the  cable 
conductors  and  the  associated  equipment.  In  the  United  States  the 
study  of  the  crosstalk,  impedance  and  echo  results  obtained  in  various 
toll  cables  has  led  to  the  development  of  standard  practices  as  to 
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uniformity  of  construction  and  detailed  specifications  of  the  equipment 
with  which  the  minimum  net  loss  to  be  obtained  with  new  toll  cables 
can  be  closely  predicted. 

Performance  Characteristics  of  Two-Wire  Circuits 

Fig.  3  shows,  for  B  and  H-88-50  two-wire  circuits  used  exclusively 
for  terminating  business,  the  minimum  working  net  losses  for  various 
distances  as  limited  separately  by  crosstalk,  echoes  and  singing. 
Of  course,  the  lower  the  net  loss  the  greater  is  the  tendency  toward 
excessive  echoes,  crosstalk  or  possibility  of  singing.  For  any  given 
case  the  most  exacting  limitation  controls  the  minimum  working 
net  loss. 
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Fig.  3 — ^Minlmum  working  net  loss  of  19-ga.  B  and  H-88-50  two-wire  facilities 
\  ersus  circuit  length  for  terminating  business.  These  apply  to  cither  50-mile  (80  km.) 
sections  of  B-88-50  or  45-mile  (72  km.)  sections  of  H-88-50,  whichever  has  the  more 
severe  limitations. 
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These  curves  include  allowance  for  the  unavoidable  variations  in 
the  net  loss  which  occur  from  time  to  time  due  to  repeater  battery 
variations,  residual  variations  left  over  after  pilot  wire  regulators 
have  removed  major  transmission  variations  due  to  temperature 
changes  in  the  cables,  humidity  effects  in  office  wiring,  etc. 

Performance  Characteristics  of  Four-Wire  Circuits 

Fig.  4  shows,  for  four-wire  circuits  used  exclusively  for  terminating 
business,  the  minimum  working  net  losses  for  various  distances  as 
limited  separately  by  crosstalk  and  echoes.  The  possibility  of  singing 
does  not  enter  as  a  limitation  on  these  circuits.  In  these  curves 
suitable  allowance  has  also  been  made  for  the  effect  of  the  unavoidable 
transmission  variations. 
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Fig.  4 — Minimum  working  net   loss  of   19-ga.   H-4:4-25  four-wire  facilities  versus 
circuit  length  for  terminating  business. 

It  will  be  observed  that  crosstalk  is  controlling  only  for  the  shorter 
distances  up  to  a  little  over  400  miles  (640  kilometers).  Up  to  this 
length  meeting  proper  crosstalk  limits  requires  that  the  net  loss  be 
kept  above  about  6  db. 

Echo  constitutes  the  important  limitation  to  the  net  loss  of  four-wire 
circuits.  As  is  well  known,  echo  suppressors  go  a  long  way  toward 
eliminating  echo  effects  but  do  not  remove  these  effects,  which  remain 
the  most  important  limiting  factor  on  the  longer  circuits. 

Transmission  Requirements 

The  transmission  requirements  established  for  toll  circuits  are  based 

on  the  provision  of  adequate  transmission  for  the  complete  connection 

between  any  two  points  in  the  United  States  and  the  southern  part 

of  Canada,  and  also  between  any  point  of  the  country  and  the  terminals 


532  BELL   SYSTEM   TECHNICAL   JOURNAL 

of  the  intercontinental  circuits.  In  order  that  this  may  be  accom- 
plished in  an  economical  and  orderly  way  a  general  toll  switching  plan 
has  been  adopted  for  the  entire  continental  area.  This  plan  establishes 
a  fundamental  basis  for  the  routing  of  connections  involving  more 
than  one  toll  circuit  through  the  establishment  of  about  150  important 
switching  centers  to  which  all  of  the  2500  toll  centers  of  the  country 
will  be  directly  connected.  These  150  switching  centers  are  inter- 
connected by  groups  of  high  grade  toll  circuits  either  directly  or  for 
distant  parts  of  the  country  through  the  intermediary  of  "regional 
centers"  of  which  there  are  eight  in  the  continental  area. 

By  means  of  this  plan  it  is  possible  to  allocate  each  group  of  toll 
circuits  to  one  of  several  broad  classifications  depending  upon  its 
position  in  the  general  toll  switching  plan,  and  to  apply  standard 
transmission  requirements  to  each  such  broad  classification.  These 
requirements  include  the  requirement  that  the  efifective  net  loss  of  all 
direct  circuits  shall  not  exceed  9  db,  and  that  circuits  designed  for 
use  in  switched  connections  shall  have  minimum  working  net  losses 
not  exceeding  3  db  for  end  links,  4  db  for  circuits  between  regional 
centers  and  3.5  to  4  db  for  the  remaining  intermediate  links  inter- 
connecting the  important  switching  centers.  When  several  circuits 
are  connected  together  to  form  a  long  switched  connection,  the 
overall  crosstalk  effects  are  not  appreciably  increased  over  the  effects 
of  an  individual  circuit.  Singing  effects  will  usually  not  be  limiting 
since  long  switched  connections  are  seldom  established  without  at 
least  one  intervening  four-wire  circuit.  On  the  other  hand  echo 
effects  increase  fairly  rapidly  even  with  circuits  equipped  with  echo 
suppressors  and  therefore,  in  selecting  facilities  which  will  meet  the 
requirements  of  minimum  working  net  loss  previously  specified,  the 
echo  effects  are  generally  controlling  on  long  connections.  Since  these 
circuits  are  also  used  for  direct  circuit  connections,  higher  net  losses, 
which  w^ill  be  satisfactory  from  the  crosstalk  and  singing  standpoints 
in  the  terminating  condition,  are  obtained  by  adding  pads  at  one  or 
both  terminals  of  the  circuit  for  this  condition. 

A  more  complete  statement  of  the  transmission  requirements  applied 
to  toll  cable  circuits  in  the  United  States  is  given  in  Table  II.  For 
convenience  there  are  also  given  in  this  table  the  current  transmission 
requirements  for  international  circuits  adopted  by  the  C.  C.  I.  In 
order  to  make  the  comparison  as  nearly  as  possible  on  a  comparable 
basis  the  international  circuit  requirements  of  the  C.  C.  I.  are  compared 
with  the  requirements  for  American  toll  circuits  interconnecting  two 
regional  centers,  and  the  requirements  for  the  national  terminal  are 
compared  with  the  American  requirements  for  connections  from  the 
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TABLE   II 
Transmission  Standards 
Bell  System  C.  C.  I. 

Number  of  Regional  Centers ^8  Number  of  European  National  Outlets 

—29 

NIsT   LOSS 

Circuits  Between  Regional  Centers  International  Circuits 

(On  effective  transmission  basis)  (Based  on  800-cycle  transmission 

equivalent) 

Future  Plant  Future  Plant 

Terminating  Switched  Terminating 

or  Switched  Business 

Two-Wire 8.7  db 

Four- Wire 6.9  db 

Existing  Plant  Existing  Plant 

9.0-1 1 .0  3 .0-5  0  db  Two- Wire U  .3  db 

Four- Wire 9.6  db 

MAXIMUM    OVERALL    NET   LOSS    BETWEEN    SUBSCRIBERsf 

Regional    Center   Transmitting  National  Transmitting  Loss.  .  .        17  db 

Loss 16  db      National  Receiving  Loss 1 1  db 

Regional  Center  Receiving  Loss       12  db       International  Circuit 7-11  ^^ 

Circuit  Between  Regional  Cen-  

ters  (Via  Net  Loss) 3-5  db  Total 35-39  db 

Total 31-33  db 

FREQUENCY    BAND    WIDTH 

250  to  2750  cycles  300  to  2400  cycles 

Loss  at  extreme  frequencies  10  db  greater      Loss    at    extreme    frequencies    8.7    db 
than  at  1000  cycles.  greater  than  at  800  cycles. 

For  narrower  bands  the  effective  trans- 
mission equivalent  reflects  the  effect 
on  transmission  of  band  width. 

DELAY    DISTORTION 

Direct  circuit  connection   (terminal  cir-  Overall  Connectioti 

cuit) — -20  milliseconds.  30  milliseconds  as  the  difference  between 

Via   circuits    (in    switched    connections)  the  time  of  propagation  for  the  highest 

10  milliseconds.  frequency  effectively  transmitted  and 

(Differences   between    1000   cycle  delay  the  time  of  propagation  for  800  cycles. 

and  the  highest  frequency  effectively 


transmitted.) 


NON-LINEAR    DISTORTION 


No  fixed  limits  at   present   on   message  No  fixed  limits  at  present  on  message 

circuits    but    consideration    is    being  circuits    but    consideration-    is    being 

given   to  methods  of   measuring  and  given   to   methods  of  measuring  and 

evaluating  the  impairment  due  to  this  evaluating  the  impairment  due  to  this 

effect.  effect. 

*  Via  net  loss  is  the  loss  which  the  circuit  contributes  to  an  overall  connection 
when  switched  to  toll  lines  at  both  ends. 

t  The  regional  center  and  national  outlet  transmitting  and  receiving  losses  are 
the  maximum  losses  between  the  most  distant  subscriber  in  the  particular  area 
served  by  the  regional  center  or  national  outlet  and  the  particular  regional  center 
or  national  outlet. 
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TABLE    \l— {Continued) 

TRANSMISSION   VARIATIONS    (AVERAGE   OF    THE   TWO    DIRECTIONS) 

Bell  System  C.  C.  I. 

250-niile   (400-kilometer)  circuits   ±1.5       No  limits, 
db,  1000-mile  (1600-kiiometer)  circuits 
±  3.0  db   (these  limits  are  exceeded 
approximately  5  per  cent  of  the  time). 

ECHOES 

Echoes  are  limiting  in  accordance  with       Echoes  are  limiting  in  accordance  with 
curves  representing  the  results  of  ex-  curves  representing  the  results  of  ex- 

perience as  to  permissible  loudness  of  perience  as  to  permissible  loudness  of 

echo  without  interference  for  different  echo  without  interference  for  different 

times  of  propagation.     See  page  129  times  of  propagation.     See  page  129 

of  the  "Red  Book"  of  the  C.  C.  I.  of  the  "Red  Book"  of  the  C.  C.  I. 

On  four-wire  circuits  echo  suppressors 
are  employed  for  all  circuits  used  for 
switched  business  in  excess  of  270 
miles  (430  kilometers)  of  H-44-25 
facilities.  Four-wire  circuits  used  for 
terminal   business  only  are  equipped  , 

with  echo  suppressors  when  they  ex- 
ceed approximately  650  miles  (1000 
kilometers)  of  H-44-25  facilities. 
Echoes  on  circuits  so  equipped  are 
limiting  as  indicated  in  Fig.  4  of  this 
paper. 

SINGING   MARGIN    (TERMINAL    CONDITION) 

10  db  for  two  and  four-wire  circuits.  Two-wire  6.8  db. 

Four-wire  9.0  db. 

CROSSTALK 

For  quiet  circuits:  54  db  at  least. 

Average — 70  db. 
Maximum — 60  db. 

(Based  on  1  per  cent  chance  of  e.xceed-  ' 

ing  60  db.) 

MINIMUM   WORKING   NET   LOSS* 

4  db.  No  limits  established. 

TIME   OF   PROPAGATION 

For     continental     communication — 250  For     continental     communication — 250 
milliseconds.  milliseconds. 

Continental    circuits    in    an    interconti-  Continental    circuits    in    an    interconti- 
nental connection — 100  milliseconds.  nental  connection — 100  milliseconds. 

For  continental  communication:  For  continental  communication: 
Delay  between  echo  suppressors — 100  Delay  between  echo  suppressors — 100 

milliseconds.  milliseconds. 

NOISE    (including   BABBLE) 
TERMINAL   CONDITION   MEASURED   AT   THE   TOLL    SWITCHBOARD 

-f  26  db    (200  noise   units)   referred  to      2    Millivolts    (Approximately   160    Noise 
reference  noise  (approximately  10  noise  Units) 

units).     For  noise  values  greater  than       (Equivalent  intensity  of  800-cycle  tone 
above  limit  N.  T.  I.'s  are  applied.  of  the  limiting  voltage  across  a  receiver 

whose  impedance  is  adjusted  to  600 

ohms.) 

*  For  more  detailed  discussion  refer  to  text. 
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subscriber  to  a  regional  center.  As  there  are  eight  regional  centers 
in  the  United  States  and  29  national  networks  which  constitute  the 
European  continental  network,  the  areas  involved  in  the  comparison 
are  not  wholly  comparable. 

The  application  of  these  transmission  requirements  leads  to  the 
following  approximate  limits  for  the  use  of  the  different  standard 
types  of  toll  cable  construction  in  the  toll  circuits  of  the  United  States: 


19-gauge  B  and  H-88-50  two-wire  circuits 
19-gauge  B  and  H-88-50  two-wire  circuits 

19-gauge  H-44-25  four- wire  circuits  with- 
out echo  suppressors 

19-gauge  H-i4-25  four-wire  circuits  with- 
out echo  suppressors 


250  miles   (400  kilometers)   when   used 

exclusively  for  terminating  business 
135   miles   (220  kilometers)   for  circuits 

used  for  switched  business 
650  miles  (1050  kilometers)  when  used 

exclusively  for  terminating  business 
270  miles   (430  kilometers)   for  circuits 

used  for  switched  business 


Use  of  Toll  Cables  in  the  United  States 
In  the  application  of  toll  cables  to  meet  the  service  requirements  of 
the  United  States  use  is  generally  made  of  cables  2^  inches  (67 
millimeters)  in  outside  diameter,  although  to  some  extent  use  has  been 
made  of  cables  33^8  inches  (79  millimeters)  in  outside  diameter.  A 
large  proportion  of  the  new  toll  cables  contain  one  of  the  combinations 
of  gauges  indicated  in  the  following  table: 

TABLE   III 


16-Gauge  Quads 

16-Gauge  Pairs 

19-Gauge  Quads 

22-Gauge  Quads 

Cable  1 

Cable  2 

0 
19 

6 
6 

148 
114 

1 

1 

The  present  toll  cable  routes  in  the  United  States  are  indicated  on 
the  map  shown  in  Fig.  5,  together  with  probable  future  extensions. 
The  existing  network  includes  13,000  miles  (21,000  kilometers)  of 
route,  21,000  miles  (34,000  kilometers)  of  cable,  and  when  fully 
equipped,  5,000,000  miles  (8,000,000  kilometers)  of  circuit. 

The  division  of  the  cable  between  various  types  of  construction  is 
indicated  in  the  following  table: 

Underground  in  ducts 46% 

Aerial 50% 

Buried  underground 4% 

As  an  illustration  of  the  practical  application  of  toll  cable,  some 
information  is  given  below  regarding  the  makeup  of  some  of  the 
circuits  out  of  New  York  City.  There  are  associated  with  the  New 
York  toll  board  235  groups  of  circuits.     In  order  to  avoid  too  cumber- 
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some  an  illustration,  we  shall  consider  only  circuits  from  New  York 
to  other  regional  centers  and  primary  outlets.  Chicago  has  a  larger 
number  of  connections  to  these  points  but  New  York  is  chosen  because 
of  its  interest  in  connection  with  international  service.  These  circuits 
are  indicated  on  the  map  in  Fig.  6. 

Of  the  64  circuit  groups  to  regional  centers  and  primary  outlets, 
43  are  less  than  870  miles  (1400  kilometers)  in  length,  95  per  cent  of 
the  circuit  mileage  being  cable.  The  makeup  of  a  few  of  these  groups 
chosen  for  the  purpose  of  illustration  is  given  in  Table  IV. 

The  remaining  circuit  groups  indicated  in  Mg.  6,  870  miles  (1400 
kilometers)  and  more  in  length,  and  21  in  number,  have  the  makeups 
and  electrical  characteristics  indicated  in  Table  V. 

It  will  be  noted  that  the  average  circuit  in  this  classification  is 
made  up  of  about  one  half  four-wire  toll  cable  circuit  and  the  other 
half  of  carrier  telephone  superimposed  upon  open  wire.  Since  carrier 
circuits  have,  in  general,  electrical  characteristics  comparable  to  the 
four-wire  cable  circuits  and  have  a  relatively  high  velocity  of  propaga- 
tion, the  combination  of  four- wire  with  carrier  results  in  very  satis- 
factory electrical  characteristics,  even  for  the  longest  circuits. 

A  point  of  interest  in  connection  with  the  table  is  the  time  of 
propagation.  This  is,  in  all  cases,  well  within  the  provisional  limit 
of  100  milliseconds  adopted  by  the  C.  C.  I.  for  the  time  of  propagation 
of  the  continental  terminating  circuits  of  an  intercontinental  con- 
nection. 

Future  Requirements  of  Very  Long  Cable  Circuits 

At  the  present  time  cable  up  to  lengths  of  1800  miles  (3000  kilo- 
meters) is  used  in  the  regular  routine  in  the  United  States  and  gives 
a  satisfactory  performance.  Tests  have  been  made  on  longer  four-wire 
cable  circuits  up  to  lengths  exceeding  3600  miles  (^6000  kilometers). 
These  tests  show  that  for  such  lengths,  and  particularly  for  the  much 
greater  lengths  which  may  result  from  the  development  of  inter- 
continental telephone  service,  the  present  design  of  toll  cable  circuits 
would  not  be  entirely  satisfactory. 

More  Effective  Echo  Suppressors 

Circuits  3600  miles  (6000  kilometers)  long  when  equipped  with 
ordinary  echo  suppressors  fail  to  give  the  net  loss  of  9  db  which  has 
been  set  up  as  a  design  objective.  A  more  effective  type  of  echo 
suppressor  is  necessary  to  work  such  a  circuit  at  as  low  a  net  loss  as 
9  db.  Experiments  have  been  made  with  an  echo  suppressor  of  a  type 
which    changes    its    sensitivity    automatically,    depending    upon    the 
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amount  of  noise  on  the  circuit  at  any  given  time,  the  less  noise  the 
more  sensiti\'e  the  device.  It  has  been  found  possible  to  adjust  this 
device  to  sufficient  sensitivity  to  permit  working  a  3600-mile  (6000- 
kilometer)  circuit  with  9  db  net  loss.  When  noise  is  added  to  the 
circuit  the  sensitivity  of  the  device,  of  course,  diminishes  but  the 
added  echo  is  largely  masked  by  the  increased  noise. 

Delay  Distortion 

For  a  3600-mile  (6000-kilometer)  H-44-25  circuit  the  difiference  in 
the  delay  at  1000  cycles  and  at  3000  cycles  amounts  to  about  0.025 
second.  Experiments  which  have  been  made  on  circuits  introducing 
very  little  non-linear  distortion  indicate  that  this  amount  of  delay 
distortion  by  itself  is  not  particularly  serious.  However,  on  the  long 
four-wire  circuits  where  non-linear  distortion  is  also  present,  the 
effect  of  delay  distortion  becomes  more  pronounced  so  that  it  becomes 
quite  objectionable.  Delay  distortion  correctors  would  therefore  be 
required  for  H-44-25  circuits  of  this  length,  although  for  circuits  of 
1800  miles  (3000  kilometers)  they  do  not  appear  necessary. 

Time  of  Propagation 

When  a  long  connection  is  built  up  using  cable  circuits,  the  delay 
proper,  quite  apart  from  delay  distortion,  becomes  important.  For  a 
3600-mile  (6000-kilometer)  length  of  H-44-25  circuit  equipped  with 
delay  equalizers  the  time  of  propagation  is  about  one-quarter  of  a 
second  in  each  direction.  This  time  of  propagation  is  generally 
considered  about  all  that  should  be  tolerated  and  is  the  C.  C.  I, 
tentative  limit  for  a  complete  connection. 

Adverse  Interaction  of  Two  Echo  Suppressors 

When  voice-operated  devices  are  introduced  on  very  long  cable 
circuits  another  complication  results.  Assume,  for  example,  that  the 
3600-mile  (6000-kilometer)  connection  is  made  up  of  two  links,  each 
equipped  with  an  echo  suppressor  of  the  usual  type,  either  mechanical 
relay  or  vacuum  tube  operated.  Assume  that  the  echo  suppressors 
are  1800  miles  (3000  kilometers)  apart,  the  delay  between  these 
devices  being  one-eighth  of  a  second  for  each  direction  of  transmission. 
When  conversations  are  carried  on  over  this  circuit  it  is  found  that 
occasionally  when  the  speakers  at  the  two  ends  utter  words  at  nearly 
the  same  instant  both  echo  suppressors  respond,  each  echo  suppressor 
blocking  one  direction  of  the  circuit.  Consequently,  certain  words  or 
parts  of  words  are  lost.  In  telephone  conversations  it  is  found  that 
with  such  a  circuit  arrangement  if  the  time  of  propagation  in  each 
direction  between  echo  suppressors  does  not  exceed  about  0.1  second, 
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the  amount  lost  apparently  is  not  a  serious  handicap.  The  C.  C.  I. 
has  tentatively  recommended  that  0.1  second  be  taken  as  a  limit 
towards  which  it  is  desirable  to  work  if  practicable. 

Better  Cable  Circuits  Desirable  for  Extreme  Distances 

These  difficulties  with  the  present  type  of  cable  construction  all 
become  more  pronounced  if,  instead  of  a  3600-mile  (6000-kilometer) 
circuit,  consideration  is  given,  for  example,  to  possible  future  inter- 
continental circuits  in  all  cable  construction.  Such  a  circuit  between 
San  Francisco  and  Istanbul,  for  example,  would  be  about  10,000  miles 
(16,000  kilometers).  The  time  of  propagation  for  such  a  connection 
would  be  about  .6  of  a  second  in  each  direction  so  that  two-way 
conversations  would  be  seriously  impeded.  Serious  difficulties  would 
also  be  experienced  with  the  voice-operated  devices  and  because  of 
the  accumulated  distortions,  including  non-linear  effects.  While, 
therefore,  it  is  possible  that  a  circuit  of  this  sort  could  be  used  for 
two-way  telephony  between  Istanbul  and  San  Francisco,  the  imper- 
fections of  such  a  circuit  would  be  so  outstanding  as  to  warrant  a 
serious  effort  to  develop  something  better  if  this  could  be  done  at  a 
reasonable  cost. 

Telephone  Carrier  in  Cable 

In  order  to  obtain  better  transmission  results  over  very  long  cable 
circuits  in  an  economical  manner  the  development  of  a  carrier  system 
for  cables  has  been  actively  undertaken.  The  development  work  of 
the  Bell  System  has  now  been  carried  to  the  point  where  it  seems 
assured  that  it  will  be  successful  and  that  telephone  carrier  will  have 
an  important  field  of  use  in  long  distance  cables  on  heavy  routes. 

This  carrier  system  uses  non-loaded  cable  conductors  whose  velocity 
is  very  high  as  compared  to  voice-frequency  loaded  circuits,  the 
effective  circuit  velocity  including  delays  introduced  by  apparatus 
being  about  100,000  miles  (160,000  kilometers)  per  second.  An 
experimental  trial  system  has  been  set  up  by  looping  circuits  back 
and  forth  in  a  cable  so  as  to  produce  the  equivalent  of  the  system 
shown  in  Fig.  7.  It  will,  of  course,  be  understood  that  this  figure 
represents  merely  the  experimental  setup  and  should  therefore  not  be 
considered  the  ultimate  in  such  matters  as  carrier  channels  per  pair, 
repeater  spacing,  etc 

Talking  tests  which  were  made  using  this  experimental  setup 
showed  very  satisfactory  quality  of  transmission  and  no  appreciable 
interference  between  circuits  In  addition  to  testing  each  of  the  nine 
telephone  circuits  shown  in  the  sketch,  these  nine  circuits  were  con- 
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nected  in  tandem  giving  an  overall  length  of  7500  miles  (12,000 
kilometers)  of  circuit.  Conversations  over  this  7500-mile  (12,000- 
kilometer)  circuit  were  very  satisfactory.  In  fact,  the  transmission 
quality  was  not  greatly  impaired  even  when  a  15,000-mile  (24,000- 
kilometer)  length  of  one-way  circuit  was  established  by  connecting  all 
of  the  links  in  tandem. 

While  the  development  of  this  carrier  system  is  far  from  completion 
and  it  is  not  clear  at  the  present  time  how  far  it  can  be  applied  to 
other  than  heavy  traffic  routes,  it  is  certain  that  wherever  this  form 
of  construction  is  justified,  distance  no  longer  remains  as  a  limiting 
factor. 

In  the  fifty  years  since  the  first  International  Electrical  Congress 
at  Paris,  the  new  art  of  telephone  communication  has  passed  through 
many  stages  of  development  and  during  the  past  thirty  years  a  new 
att,  making  possible  communication  in  cable  over  long  distance,  has 
been  born  and  brought  to  maturity.  This  has  been  made  possible  by 
a  number  of  important  and  fundamental  developments  such  as 
loading,  quadded  cable  and  telephone  repeaters.  While  the  develop- 
ment has  been  rapid,  particularly  during  the  past  twenty  years,  it  is 
not  too  much  to  expect  that  the  next  twenty  or  thirty  years  will 
witness  an  even  greater  and  more  rapid  technical  development  and 
expansion  in  the  use  of  long  distance  toll  cables  in  all  parts  of  the 
world,  associated  with  a  continued  increase  in  the  service  rendered  to 
mankind  by  long  distance  telephone  communication. 
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The  Conception  and  Demonstration  of  Electron  Waves  * 

By  C.  J.  DAVISSON 

An  attempt  Is  made  in  this  article  to  trace  the  growth  of  our  ideas 
regarding  the  electron  from  their  inception  less  than  a  hundred  years  ago 
to  the  present  day.  The  discussion  begins  with  a  consideration  of  the 
vague  and  tentative  deductions  concerning  an  ultimate  electrical  charge 
which  became  possible  when  Faraday  revealed  the  laws  of  electrolytic 
conduction;  it  touches  upon  the  clarification  of  the  conception  of  the  electron 
as  a  charged  particle  capable  of  independent  existence  and  subject  to  the 
laws  of  classical  electrodynamics  which  was  effected  at  the  close  of  the 
last  century  and  the  beginning  of  the  present  one  by  the  researches  of  J.  J. 
Thomson  and  others;  it  indicates  the  difficulties  in  which  this  conception 
became  involved,  and  the  attempts  made  by  Planck,  Bohr  and  others  to 
extricate  it  from  them.  The  latter  part  of  the  paper  is  devoted  to  the 
amplified  conception  of  the  electron  which  has  been  developed  during  the 
last  decade — a  conception  in  which  electrons  are  recognized  as  having,  in 
different  circumstances,  the  properties  of  both  waves  and  particles. 

Introduction 

IT  is  my  purpose  in  this  report  to  describe  a  few  experiments,  typical 
of  several  hundred  now  recorded,  in  which  streams  of  electrons  ex- 
hibit the  properties  of  beams  of  waves.  It  seems  desirable,  however, 
to  begin  by  briefly  reviewing  various  steps  in  the  development  of  our 
conception  of  the  electron  before  about  the  year  1925.  It  is  against 
this  background  only  that  the  phenomena  revealed  by  the  experiments 
to  be  described  appear  in  true  relief. 

The  idea  that  electric  charge  is  granular  was  not  new  at  the  time  of 
the  first  International  Electrical  Congress  in  1881.  Faraday  had 
determined  and  announced  the  laws  of  electrolytic  conduction  fifty 
years  earlier,  and  it  was  recognized,  by  some  at  least,  that  these  laws 
suggested  the  existence  of  an  elementary  charge  or  atom  of  electricity. 
An  estimate  of  the  magnitude  of  this  natural  and  presumably  ultimate 
unit  of  charge  had  indeed  been  made  a  few  years  prior  to  the  Congress 
by  the  Irish  physicist  Stoney  from  such  data  as  were  then  available. 
The  word  "electron  "  to  designate  the  hypothetical  atom  of  electricity 
was  not,  however,  introduced  until  the  year  1891.  The  concept  of  the 
electron  gained  rapidly  in  sharpness  in  the  decade  next  following — the 
last  of  the  century — not  so  much  indeed  from  the  introduction  of  new 
ideas  concerning  it  as  from  experimental  evidence  in  support  of  ideas 
already  held. 

It  was  no  new  idea,  for  example,  that  neutral  atoms  contain  positive 
and  negative  charge  in  equal  amounts,  and  that  the  ions  of  an  electro- 
lyte are  merely  atoms  or  groups  of  atoms  in  which  these  charges  are 

*  Presented  by  title  at  The  International  Electrical  Congress,  Paris,  France,  July 
5-12, 1932. 
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unbalanced  in  one  direction  or  the  other  by  one  or  more  electronic 
units.  Yet  this  remained  largely  a  speculation  until  the  study  of  the 
conductivity  imparted  to  gases  by  X-rays  made  all  other  views  unten- 
able. Ions  of  both  signs  are  formed  at  a  uniform  rate  within  the  body 
of  a  gas  subjected  to  this  then  newly  discovered  radiation ;  their  charges 
are  ionic;  they  move  through  the  gas  by  diffusion  and  under  the  in- 
fluence of  an  impressed  electric  field;  they  disappear  through  recom- 
bination. 

Other  ideas  now  familiar  were  not  entirely  novel  even  in  1890;  for 
instance,  the  idea  that  positive  and  negative  electrons  possess  mass  as 
well  as  charge — that  those  of  one  sign  are  more  massive  than  the 
other — that  within  the  atom  the  lighter  revolve  about  the  heavier 
ones.  Weber,  following  on  Ampere,  had  pictured  a  mechanism  of  this 
kind  to  explain  the  magnetic  properties  of  materials.  All  these  notions 
became  much  more  plausible,  however,  when  Lorentz  showed  (as  he 
did  in  1897)  that  the  splitting  and  polarization  of  spectral  lines  by  a 
magnetic  field  might  be  explained  as  the  effect  of  the  field  upon  the 
period  of  revolving  particles  such  as  Weber  had  assumed,  and  that 
from  the  magnitude  of  this  so-called  "Zeeman  effect"  one  might  ac- 
tually calculate  the  ratio  of  the  charge  of  the  particle  to  its  mass.  The 
•value  so  found  was  greater  by  a  factor  2000,  or  thereabouts,  than  the 
similar  ratio  for  hydrogen  ions  in  electrolysis.  If  the  charge  of  the 
particle  were  indeed  the  electronic  charge,  then  the  mass  of  the  particle 
was  about  1/2000  only  of  the  mass  of  the  hydrogen  atom — a  highly 
acceptable  conclusion.  The  concept  of  the  electron  had  gained  much 
in  definiteness,  and  so  also  had  that  of  the  atom. 

But  more  illuminating  still  was  the  discovery  made  in  the  same  year 
that  the  trajectories  followed  by  cathode  rays  in  traversing  electric 
and  magnetic  fields  are  exactly  those  to  be  expected  if  these  rays  are 
streams  of  swiftly  moving  negatively  charged  particles  with  a  charge  to 
mass  ratio  amounting  again,  as  in  the  foregoing  instance,  to  about 
1/2000  that  of  the  hydrogen  ion.  There  could  be  little  doubt  that  this 
was  the  very  particle  inferred  by  Lorentz  from  the  "Zeeman  effect." 
Cathode  rays  were  certainly  streams  of  free  negative  electrons — un- 
attached to  atoms.  This  supremely  important  discovery  was  made 
by  J.  J-  Thomson  in  England  and  by  Wiechert  in  Germany. 

The  conception  of  the  negative  electron  as  a  subatomic  particle 
possessing  mass  as  well  as  charge,  capable  of  independent  existence, 
and  subject  to  the  laws  of  classical  electrodynamics  now  seemed  clearly 
established.  If  various  of  the  simple  relationships  were  at  this  time 
sensed  rather  than  demonstrated — such,  for  example,  as  the  exact  iden- 
tity of  the  charge  to  mass  ratios  of  the  Zeeman  effect  particle  and  the 
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cathode  particle — there  was,  nevertheless,  full  confidence  that  these 
relationships  would  be  confirmed  by  more  exact  measurements.  And 
this  indeed  proved  to  be  true.  The  anticipated  details  of  the  picture 
as  then  blocked  in  have  since  been  supplied  by  a  series  of  precision 
experiments  in  which  Millikan's  measurement  of  the  absolute  magni- 
tude of  the  electronic  charge  is  preeminent. 

The  turn  of  the  century  was  a  time  of  high  hope.  The  key  had 
been  found,  it  appeared,  to  an  understanding  of  vast  ranges  of  phen- 
omena; given  the  electron,  electrodynamics  and  sufficient  mathematics, 
all  electrical  and  magnetic  phenomena  must  become  explicable.  It 
seemed  not  too  daring  even  to  have  thoughts  concerning  the  structure 
of  the  atom.  But  this,  as  it  turned  out,  was  mostly  illusion ;  every  suc- 
cess of  the  electron  theory  of  this  period  was  matched  by  an  equally 
conspicuous  failure.  Metallic  conductors  were  pictured  as  containing 
atmospheres  of  free  electrons  with  the  properties  of  a  monatomic  gas. 
The  drift  of  this  electronic  gas  under  the  influence  of  an  impressed 
field  constituted  the  electric  current.  The  form  of  Ohm's  law  was 
neatly  explained,  but  not  so  the  direct  proportionality  between  the 
resistivity  of  a  pure  metal  and  its  absolute  temperature.  The  ther- 
mionic emission  of  electrons  could  be  explained,  apparently,  in  all  its 
details,  but  the  distribution  of  energy  in  the  black  body  spectrum 
could  not.  The  explanation  of  the  simple  Zeeman  elifect  was  most 
gratifying  and  reassuring,  but  the  simple  numerical  relationships 
among  the  frequencies  of  line  spectra  remained  as  baffling  as  ever — and 
this,  in  spite  of  the  considerable  success  which  Drude  and  others  had 
achieved  in  explaining  the  optical  properties  of  materials  in  terms  of 
electrons  elastically  bound  within  atoms. 

The  impasse  was  finally  breached  by  Planck  who  showed,  in  1905, 
that  the  black  body  spectrum  could  be  explained  if  one  were  willing 
to  assume  that  materials  contain  electric  oscillators  which  emit  and 
absorb  energy  only  in  amounts  proportional  to  their  frequencies. 
The  conception  of  the  electron  was  unaltered — not  even  involved, 
perhaps — but  an  oscillator,  which  might  be  a  vibrating  electron,  was 
conceived  to  behave  in  a  manner  contrary  to  electrodynamical  princi- 
ples. A  success  had  been  achieved  at  the  cost  of  violence  to  classical 
ideas  regarding  the  production  of  electromagnetic  radiation. 

The  next  assault — a  brilliant  tour  de  force  by  Bohr — achieved  its 
first  objectives  at  a  stride,  but  at  a  sacrifice  of  electrodynamical  prin- 
ciples greater  even  than  Planck's.  Bohr  showed  in  1911  that  by  com- 
bining the  idea  of  a  concentrated  atom  nucleus  required  by  Ruther- 
ford's experiments  on  the  scattering  of  alpha  rays  with  the  heterodox 
idea  of  Planck,  and  with  new  devices  of  his  own  invention,  one  could 
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conceive  an  atom  model  capable  of  yielding  precisely  the  Rydberg 
constant  and  the  complete  spectrum  of  atomic  hydrogen.  The  casual- 
ties included  two  properties  previously  allotted  to  the  electron  as  a 
matter  of  course:  the  property  of  radiating  energy  during  orbital  mo- 
tion, and  the  property  of  revolving  about  the  nucleus  in  an  orbit  con- 
sonant with  classical  dynamics  and  determined  by  initial  conditions 
which  might  be  regarded  as  arbitrary.  Bohr  excluded  from  the 
infinity  of  such  orbits  all  but  a  special  series.  The  motion  of  the  elec- 
tron remained  planetary,  but  all  else  was  new  and  bizarre. 

A  great  initial  success  had,  however,  been  attained  and  hope  of  a 
thorough  conquest  of  spectra  ran  high, — too  high  as  it  now  appears, 
for  beyond  a  few  other  quantitative  successes,  further  achievements 
were  qualitative  to  a  greater  or  less  extent  and  consequently  less  im- 
pressive. It  turned  out  also  that  advancement  in  the  elucidation  of 
spectra  could  be  made  only  at  the  cost  of  an  ever  increasing  array  of 
special  rules  and  prohibitions — additional  equipment  of  the  same  ar- 
bitrary nature  as  that  of  Bohr's  original  postulates.  Out  of  this  neces- 
sity appeared  the  one  new  idea  regarding  the  electron  which  had 
emerged  in  twenty  years — the  idea  advanced  by  Goudsmit  and  Uhlen- 
beck  that  the  electron  spins  and  possesses  in  consequence  a  magnetic 
moment. 

It  was  recognized  a  decade  ago  by  Bohr  and  others  that  the  attack 
upon  the  atom,  despite  its  propitious  beginning,  had  in  a  considerable 
measure  failed;  and  this  because  it  had  lacked,  so  to  speak,  a  proper 
base  of  operation.  It  was  felt  that  the  many  arbitrary  rules  and 
restrictions  required  to  correlate  the  data  of  spectroscopy  must  flow 
in  a  natural  and  unforced  way  from  fundamental  mechanical  principles 
as  yet  undiscovered.  A  system  of  mechanics  was  envisaged  which 
would  degenerate  to  classical  mechanics  for  large  scale  phenomena,  but 
which  would  present  an  entirely  different  aspect  on  the  atomic  scale, 
and  be  capable,  of  course,  of  explaining  atom  dynamics  as  revealed  by 
spectra. 

Attempts  to  discover  these  underlying  principles  led  to  the  formula- 
tion by  Heisenberg  in  1925  of  what  is  known  as  matrix-mechanics, 
and  led  L.  de  Broglie  in  the  same  year  to  put  forward  his  ideas  concern- 
ing a  so-called  wave-mechanics.  These  proposals  are  said  to  be  state- 
ments in  different  forms  of  one  and  the  same  principle — so  far,  at  any 
rate,  as  applications  to  atom  dynamics  are  concerned.  It  is  the  wave- 
mechanics,  however,  which  has  appealed  most  strongly  to  the  physicist, 
and  it  is  with  this  only  that  I  will  here  concern  myself. 

The  basic  idea  of  the  wave-mechanics  was  supplied  by  a  paradoxical 
situation  which  had  existed  for  some  years  in  the  theory  of  optics.     It 
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was  well  established  experimentally  that  a  beam  of  monochromatic 
light  can  impart  to  individual  electrons  in  matter  amounts  of  energy 
proportional  to  its  frequency.  The  factor  of  proportionality  between 
these  quantities— the  energy  imparted  to  the  electrons  and  the  fre- 
quency of  the  light — is  the  same  as  that  obtained  from  the  black  body 
spectrum  for  the  factor  of  proportionality  between  the  energy  quantum 
of  the  Planck  oscillator  and  its  frequency.  The  relation  between  the 
energy  e  imparted  to  the  electron  and  the  frequency  v  of  the  light  is 
expressed,  that  is,  by  the  formula  e  =  hv,  where  h  is  the  so-called 
Planck  constant.  When  one  tries  to  visualize  the  mechanism  back  of 
this  phenomenon,  he  is  led  inevitably  to  a  corpuscular  theory  of  light. 
No  other  view  appears  adequate  to  explain  this  central  fact  of  photo- 
electricity and  others  related  to  it. 

On  the  other  hand,  the  phenomena  of  interference  and  diffraction 
disposed  long  ago,  as  is  well  known,  of  an  earlier  corpuscular  theory  of 
light  in  favor  of  the  wave  theory.  The  demands  of  these  phenomena 
are  as  insistent  today  as  every  they  were,  so  that  the  situation  comes 
to  this,  that  one  class  of  optical  phenomena  indicates  clearly  that  light 
is  a  corpuscular  radiation,  and  another  indicates  no  less  clearly  that  it 
is  a  propagation  of  waves.  It  is  hopeless  to  try  explaining  photoelec- 
tric phenomena  in  terms  of  nothing  but  waves,  and  it  is  equally  hope- 
less trying  to  devise  a  purely  corpuscular  interpretation  of  interference 
and  diffraction. 

It  was  de  Broglie's  brilliant  idea  that  a  situation  similar  to  this  might 
exist  in  regard  to  electrons,  that  electron  streams  like  beams  of  light 
might  possess  in  different  circumstances  the  properties  both  of  wave 
trains  and  of  particle  streams.  If  this  were  true,  and  if  the  wave  as- 
pect alone  were  adequate  to  explain  the  behavior  of  electrons  in  atoms, 
then  the  unhappy  state  of  affairs  which  existed  in  regard  to  the  inter- 
pretation of  spectroscopic  data  might  be  remedied. 

The  formula  e  =  hv  expresses,  as  we  have  seen,  a  certain  correlation 
between  the  corpuscular  and  the  wave  properties  of  light;  if  the  light 
regarded  as  a  beam  of  waves  is  of  frequency  v,  then  when  it  is  regarded 
as  a  stream  of  corpuscles,  the  corpuscles  or  photons  are  of  energy 
e  =  hv.  A  second  correlation  follows  at  once  from  this  one  and  from  the 
relation  which  is  known  to  exist  between  the  transfer  of  energy  and  of 
momentum  by  a  beam  of  light.  This  second  correlation  relates  the 
momentum  p  of  the  photon  to  the  wave-length  X  in  vacuo  of  the  asso- 
ciated waves,  and  is  expressed  by  the  formula  p  =  h/\.  Or  if  we 
write  0-  to  represent  wave  number — the  number  of  waves  per  cm. — 
then  the  two  correlations  are  expressed  by  the  symmetrical  formulae 

€  =  hv, 
p  =  ha. 
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In  developing  his  idea  of  a  possible  wave  aspect  of  the  electron,  de 
Broglie  was  led  to  the  conclusion  (partly,  it  appears  by  intuition  and 
partly  by  considerations  based  on  relativistic  mechanics)  that  if  elec- 
trons possess  wave  properties,  the  correlation  between  their  wave  and 
corpuscular  aspects  will  be  exj^ressed  by  these  same  two  formula-. 

It  would  lead  us  too  far  afield  to  follow  even  cursorily  the  further 
development  of  de  Broglie's  idea  toward  its  original  objective  of  ex- 
plaining the  behavior  of  atoms  as  disclosed  by  their  spectra.  These 
interesting  matters  must  be  left  with  the  mere  statement  that  the 
mathematical  researches  of  Schrodinger  and  others  have  led  to  a  con- 
ception of  the  atom  in  which  standing  wave  patterns  replace  the  per- 
mitted electron  orbits  of  the  Bohr  model,  and  from  which  it  is  possible 
to  derive  certain  laws  of  spectra  which  previously  could  be  given  only 
as  empirical  rules. 

The  immediate  object  which  de  Broglie  had  in  view  in  postulating  a 
wave  aspect  of  the  electron  has  thus  been  attained,  and  its  attainment 
argues  strongly,  of  course,  for  the  soundness  of  the  underlying  concep- 
tion. It  is  not  this  spectroscopic  evidence,  however,  which  reveals 
most  clearly  the  wave  as  a  real  and  actual  property  of  electrons,  but  the 
more  direct  and  unequivocal  evidence  supplied  by  experiments  de- 
scribed in  following  paragraphs  in  which  streams  of  electrons  are 
difTracted  by  crystals. 

It  was  implicit  in  de  Broglie's  earliest  writings  regarding  electron 
waves  that  a  stream  of  electrons  moving  with  uniform  speed  along 
parallel  lines  will  exhibit  in  appropriate  circumstances  the  properties 
of  a  beam  of  monochromatic  waves.  De  Broglie's  first  step  was,  in- 
deed, to  associate  a  train  of  plane  parallel  waves  with  an  electron 
moving  with  uniform  speed  along  a  straight  line.  It  remained,  how- 
ever, for  the  young  German  physicist  Elsasser  to  point  out  the  logical 
conclusion  to  which  these  speculations  lead,  and  to  indicate  the  crucial 
experiment  by  which  they  might  be  tested:  to  wit,  that  a  beam  of 
electrons  scattered  by  an  appropriate  grating  should  exhibit  the 
phenomenon  of  diffraction,  and  that  the  appropriate  grating  for  this 
purpose  is  a  crystal,  since  the  wave-lengths  calculated  from  de  Broglie's 
formula  for  electrons  of  moderate  speeds  are  like  those  of  X-rays,  of 
the  order  of  one  Angstrom  unit. 

It  is  the  demonstration  of  this  phenomenon — the  diffraction  of 
electrons  by  crystals — which  constitutes  now,  as  has  been  intimated, 
the  chief  experimental  evidence  in  support  of  de  Broglie's  conception, 
and  it  is  with  demonstrations  of  this  kind  that  I  am  here  primarily 
concerned.  The  first  of  these  was  made  by  Davisson  and  Germer,  who 
showed  in  1927  that  beams  of  electrons  are  diffracted  by  a  crystal  of 
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nickel,  and  that  the  wave-lenghts  X  deduced  from  the  diffraction- 
patterns  for  beams  of  electrons  of  various  speeds  v  agree  with  those 
calculated  from  de  Broglie's  formula  X  =  hjp  =  hjinv.  A  second  and 
independent  demonstration  was  made  by  G.  P.  Thomson,  who  showed 
later  in  the  same  year  that  beams  of  high  speed  electrons  are  diffracted 
on  transmission  through  thin  films  of  polycrystalline  metal,  and  that 
electron  wave-lengths  computed  from  patterns  so  obtained  verify  the 
de  Broglie  relationship. 

It  will  be  well,  before  considering  these  earliest  experiments  in  more 
detail,  to  present  certain  others,  made  more  recently,  of  which  the 
interpretations  are  more  simple.  The  simplest  experimental  result 
which  suggests  that  electrons  should  be  regarded  as  waves  rather 
than  as  particles,  is  perhaps  the  regular  reflection  of  a  beam  of  electrons 
from  the  face  of  a  crystal.  The  experimental  arrangement  used  in 
demonstrating  this  phenomenon  is  indicated  on  the  left  in   Fig.   1. 


ELECTRON 
GUN 


Fig.  1 — Schematic  diagram  of  apparatus  for  determining  angular  distribution  of 
electrons  scattered  without  loss  of  energy  by  a  metalHc  crystal,  and  curves  revealing 
specular  reflection  of  20-volt  electrons. 


Electrons  emitted  by  a  hot  filament  are  accelerated  and  formed  into  a 
beam,  and  this  beam  is  directed  against  the  face  of  a  crystal  target  at  a 
known  angle  of  incidence.  The  target  in  this  case  is  of  nickel  and  its 
face  is  parallel  to  one  of  the  principal  sets  of  atom  planes  of  the  crystal 
(111  planes).  The  surface  is  etched  and  presents  to  the  incident  beam 
a  multitude  of  crystal  facets  parallel  to  the  plane  of  the  target  face. 
Some  of  the  electrons  on  striking  these  facets  are  scattered  without 
loss  of  energy.  The  distribution  of  these  full  speed  electrons  in  and 
near  the  plane  of  incidence  is  then  determined  by  explorations  with  a 
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Faraday  collector  as  indicated.  The  results  of  investigations  of  this 
kind,  exhibited  by  polar  diagrams  in  the  same  figure,  show  clearly 
that  the  incident  beam  is  regularly  reflected  as  if  from  the  crystal 
facets. 

The  difficulty  in  explaining  this  result  by  the  simple  concept  of  elec- 
trons as  particles  is,  that  the  surface  of  the  crystal  is  much  too  coarse 
grained  to  serve  as  a  reflector  for  particles  as  small  as  electrons;  the 
diameter  of  the  electron  is  of  the  order  10"^*  cm.,  whereas,  the  diameters 
of  atoms  are  of  the  order  10~^  cm. — greater  by  a  factor  10-' — and  this 
also  is  the  order  of  the  distance  of  least  separation  of  atoms  in  the  crys- 
tal face.  It  is  hard  to  imagine  how  such  a  surface  can  appear  smooth 
to  the  incident  electrons.  On  the  older  views  regarding  interactions 
between  electrons  and  atoms,  the  fate  of  an  incident  electron  should 
be  much  the  same  as  the  fate  of  a  comet  plunging  into  a  region  densely 
packed  with  solar  systems;  the  electron  might  emerge  from  the  crystal 
without  loss  of  energy  after  a  fortunate  encounter  with  a  single  atom, 
but  its  direction  of  departure  should  be  a  matter  of  private  treaty 
between  the  individual  electron  and  the  individual  atom — in  particu- 
lar, it  should  not  be  influenced  by  the  arrangement  of  atoms  in  the 
crystal.  The  fact  that  nearly  all  of  the  full  speed  scattered  electrons 
move  away  in  the  direction  of  regular  reflection  from  the  crystal  face 
means  that  three  atoms  at  least  are  involved  in  the  action,  since  this 
number  is  required  to  fix  the  plane  of  the  reflecting  surface.  The 
simple  observation  described  above  is  thus  inexplicable  in  terms  of 
atoms  and  electrons  and  their  interactions  as  previously  conceived. 

It  is  interesting  to  try  to  imagine  how  this  phenomenon  would  have 
been  interpreted,  had  it  been  observed  ten  years  ago.  With  de  Brog- 
lie's  speculations  before  us,  we  recognize  it  at  once  as  one  of  the  cir- 
cumstances in  which  the  electron  streams  exhibits  the  properties  of  a 
wave  train.  The  only  restriction  to  this  interpretation  is  that  the 
wave-length  must  be  assumed  small  compared  to  the  linear  dimensions 
of  the  reflecting  surface.  If  wave-lengths  are  given  correctly  by  de 
Broglie's  formula  they  are,  as  has  been  mentioned,  of  the  same  order 
as  those  of  X-rays.  This  explains  why  reflections  such  as  exhibited  in 
Fig.  1  are  obtained  from  the  face  of  a  crystal,  but  not  from  a  poly- 
crystalline  surface,  however  highly  polished ;  the  reflected  beam  is  syn- 
thesized, so  to  speak  from  a  multitude  of  scattered  waves  spreading 
out  from  atoms  regularly  arranged  in  layers  parallel  to  the  surface — 
lacking  this  regularity  the  synthesis  does  not  occur. 

The  specular  reflection  of  X-rays  from  a  crystal  face  is,  as  we  know, 
selective  in  the  following  respect:  the  intensity  of  the  reflected  beam 
passes  through  sharp  maxima  as  the  glancing  angle  d  passes  through 
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values  which  satisfy  the  Bragg  formula  sin  6  =  n\l2d,  where  X  repre- 
sents wave-length,  d  the  distance  between  atom  planes  parallel  to  the 
surface,  and  n  an  integer.  We  expect  this  to  occur  with  reflection  of 
electrons,  if  the  de  Broglie  waves  are  scattered  by  underlying  atom 
layers  as  well  as  by  the  outermost.  I  will  show  later  that  the  reflection 
portrayed  in  Fig.  1  is,  indeed,  selective.  But  with  low-speed  electrons, 
there  are  confusing  complications  which  we  can  avoid  by  dealing  with 
electrons  of  considerably  higher  speed;  I  will,  therefore,  begin  by  dis- 
playing the  selective  reflection  of  electrons  accelerated  through  thou- 
sands rather  than  tens  of  volts  only. 


I' 


ST 


ORDER 

l2ND      l3RD 


4TH 


# 


4* 


A  6 

DEGREES 


10 


Fig.  2— Photographic  record  of  selective  reflection  of  53-kv.  electrons  by  a  crystal 

of  iron — (100)  face. 

In  Fig.  2  we  have  a  photographic  record  of  the  reflection  of  a  beam  of 
53  kilovolt  electrons  from  a  crystal  of  iron.  The  experimental  ar- 
rangement is  essentially  the  same  as  that  indicated  in  Fig.  1,  though 
devices  rather  more  elaborate  are  required  for  producing  electron  beams 
of  such  speeds.  A  photographic  plate  set  at  right  angles  to  the  direc- 
tion of  the  primary  beam  and  30  or  40  cms.  beyond  the  crystal  replaces 
the  exploring  electrode.  Each  strip  in  Fig.  2  is  the  record  of  reflection 
at  a  particular  angle  of  glancing.  After  each  exposure  the  cr^-stal  is 
turned  through  the  position  of  grazing  (zero  glancing  angle),  the  pri- 
mary beam  falls  directly  upon  the  plate,  and  its  direction  is  thus 
recorded.     These  fiducial  marks  appear  in  a  column  on  the  left.     The 
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glancing  angles  are  proportional  (since  all  of  them  are  quite  small) 
to  the  distances  from  the  spots  formed  by  the  primary  beam  to  the 
edges  of  the  respective  fogged  regions;  the  fogging  is  produced  by  gen- 
eral or  random  scattering  and  its  sharp  cutoff  on  the  left  marks  the 
intersection  of  the  plane  of  the  crystal  with  the  photographic  plate. 
If  reflections  were  specular  but  non-selective,  a  spot  due  to  the  reflected 
beam  would  appear  on  each  strip  as  far  to  the  right  of  the  fogging  edge 
as  the  fiducial  spot  is  to  the  left.  This  is  not  what  is  observed ;  there 
is  strong  specular  reflection  at  a  series  of  equally  spaced  angles,  and  at 
adjacent  angles  weaker  reflection  which  apparently  is  not  regular.  In 
other  ranges  of  angle,  there  is  no  reflection  at  all.  This  is  exactly  the 
phenomenon  observed  with  X-rays,  the  apparently  non-regular  reflec- 
tion is  ascribed  in  the  latter  case  to  regular  and  selective  reflection  from 
parts  of  the  crystal  which  are  displaced  somewhat  from  the  mean 
orientation  of  the  crystal  as  a  whole — ascribed,  that  is,  to  imperfections 
in  the  crystal.     The  same  explanation  applies  here. 

Here  then  is  an  experiment  in  which  a  stream  of  electrons  exhibits 
the  properties  of  a  beam  of  waves.  The  mere  occurence  of  specular 
reflection  is,  as  we  have  seen,  incompatible  with  the  idea  that  electrons 
are  simple  particles,  with  such  properties  as  are  commonly  ascribed  to 
particles.  The  further  observation  that  the  reflection  is  selective  in 
accordance  with  the  Bragg  law  amounts  to  a  demonstration  that  we 
are  dealing  with  trains  of  waves — or,  at  least,  to  a  demonstration  of  the 
convenience  of  this  conception — for  the  Bragg  law  is  simply  and 
accurately  explained  as  a  consequence  of  interference  among  scattered 
waves  expanding  from  regularly  disposed  centers,  such  as  the  atoms 
of  a  crystal. 

The  data  of  the  experiment  enable  us  to  calculate  the  length  of  the 
waves.  From  the  Bragg  law  \  =  2d  sin^/w;  the  reflections  are  from 
the  (100)  atom  planes  of  iron  for  which  d  =  1.43  X  10"^  cm.  or  1.43 
Angstrom  units;  the  value  of  sind/n  deduced  from  Fig.  2  and  related 
data  is  0.0189,  so  that  X  =  2  X  1.43  X  0.0189  =  0.054  Angstrom 
units.  TJiis  is  the  experimentally  determined  wave-length  of  53  kv. 
electrons. 

We  compare  this  with  the  theoretical  wave-length  computed  from  the 
de  Broglie  formula,  X  =  hjp.  The  momentum  ^  of  a  particle  of  rest- 
mass  m  and  charge  e  which  has  been  accelerated  from  rest  through  a 
potential  difference  Fin  absolute  units  is  given  in  relativistic  mechanics 
by 
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where  c  represents  the  velocity  of  light.  Writing  this  into  the  de  Brog- 
lie  formula  and  evaluating  constants  for  the  electron  one  obtains  as  a 
close  approximation. 

/  1S0\  ^/2 
X=  {—-)      [1  -4.9X10-^P^] 

for  V  in  volts.  Thus  the  theoretical  wave-length  of  150-volt  electrons 
is  one  Angstrom  unit  or  10~^  cm.,  and  the  wave-length  of  the  53  kv. 
electrons  employed  in  this  experiment  is  0.0546  Angstroms  which  is  in 
good  agreement  with  the  value  found  experimentally. 

These  results  which  are  from  previously  unpublished  data  by  Davis- 
son  and  Germer  constitute  perhaps  the  simplest  demonstration  of  the 
wave  aspect  of  electrons  and  verification  of  the  de  Broglie  relation — 
the  simplest,  at  any  rate,  in  which  use  is  made  of  crystal  diffraction. 

E.  Rupp  has  demonstrated  the  diffraction  of  electrons  by  an  ordin- 
ary ruled  optical  grating  and  has  obtained  thereby  values  of  electron 
wave-lengths  which  agree  with  the  theoretical  values  within  the  rather 
wide  limits  of  error  of  this  border  line  experiment.  This  is,  in  fact, 
an  experiment  more  immediately  intelligible  than  any  involving  the 
use  of  crystals.  But  Rupp's  photographic  plates  exhibiting  these 
results  are  not  very  impressive,  and,  therefore,  I  have  not  arranged 
for  their  reproduction  in  this  report. 

The  Bragg  reflection,  though  the  easiest  to  interpret  among  the  types 
of  crystal  diffraction,  is  not  the  most  easily  demonstrated,  nor  the 
most  striking,  nor  yet  the  type  which  yields  most  information  concern- 
ing the  diftVacting  crystal  and  the  atoms  composing  it.  It  is  the  Hull- 
Debye-Scherrer  type  of  diffraction  which  is  in  these  respects  preemin- 
ent, and  the  type  which  has  been  most  thoroughly  investigated.  A 
mass  of  finely  divided  crystals  of  random  orientation  is  placed  in  the 
path  of  a  beam  of  monochromatic  radiation;  a  photographic  plate  set 
at  right  angles  to  the  incident  beam  receives  and  records  the  radiation 
from  the  diffracting  material.  It  is  evident  perhaps  that  the  pattern 
produced  by  an  aggregate  of  a  very  great  number  of  crystals  oriented 
at  random  will  be  the  same  as  that  generated  by  a  single  crystal  turned 
into  equally  many  random  positions.  Thus,  if  the  material  is  iron,  the 
single  crystal  in  a  particular  orientation  gives  rise  to  the  first  order 
diffraction  spot  of  Fig.  2;  rotate  the  crystal  about  the  primary  beam 
and  this  spot  generates  a  circle  or  ring — so  also  for  the  second  and 
higher  spots,  each  of  them  generates  a  ring. 

But  the  atoms  comprising  the  crystal  may  be  regarded  as  arranged 
in  many  different  sets  of  planes — there  are,  in  fact,  an  infinite  number 
of  such  arrangements.     Of  these,  one  is  unique  in  having  a  greater 
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Spacing  between  planes  than  any  other — a  greater  value  of  the  constant 
d.  The  first  order  ring  due  to  these  planes  is  the  smallest  in  the  pat- 
tern ;  the  first  order  rings  due  to  other  arrangements  follow  in  the  order 
of  decreasing  values  of  d.  These  first  order  rings  plus  their  companions 
of  higher  orders  constitute  the  complete  pattern  of  the  aggregate. 
From  the  sequence  of  ring  diameters,  one  infers  the  arrangement  of  the 
atoms  in  the  crystal;  from  the  scale  of  the  pattern,  the  ratio  of  crystal 
spacing  or  "constant"  to  radiation  wave-length;  from  the  relative 
intensities  of  the  rings,  the  way  in  which  the  scattering  power  of  the 
atom  varies  with  angle.  The  ring  pattern  is  thus  a  storehouse  of 
information  concerning  both  crystal  and  wave. 

Patterns  of  this  type  for  electrons  were  obtained  first  by  G.  P. 
Thomson ;  it  was  thus,  in  fact,  that  Thomson  made  his  demonstration 
of  electron  waves.  A  great  many  such  patterns  have  since  been  ob- 
tained and  studied.  Two  beautiful  examples  by  Wierl  are  reproduced 
in  Fig.  3.     The  one  on  the  left  records  the  diffraction  of  a  beam  of 


Ag  CCI4 

Fig.  3 — On  left — diffraction  pattern  produced  by  transmission  of  45-kv.  electrons 
through  thin  silver  foil — by  R.  Wierl.  On  right — -pattern  obtained  by  transmission 
of  36-kv.  electrons  through  CClj  vapor — -by  R.  Wierl. 

36  kv.  electrons  by  a  thin  film  of  polycrystalline  silver,  the  one  on  the 
right  is  for  45  kv.  electrons  diffracted  by  carbon  tetrachloride  vapor. 
The  form  of  the  pattern  for  silver — the  particular  sequence  of  ring 
diameters  which  it  displays — is  characteristic  of  the  so-called  face 
centered  cubic  arrangement  of  atoms,  and  agrees  with  the  pattern 
similarly  obtained  with  X-rays.  The  scale  of  the  pattern  with  other 
data  of  the  experiment,  including  the  scale  factor  of  the  silver  crystal, 
yields  an  "observed"  wave-length  of  36  kv.  electrons  in  agreement 
with  the  value  computed  from  the  de  Broglie  formula. 

The  pattern  for  carbon  tetrachloride  is  bracketed  with  that  for 
silver  because  the  chlorine  atoms  in  this  molecule  have  the  same  ar- 
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rangement  as  the  atoms  in  the  crystal  of  silver.  Four  atoms  only  are 
required  to  fix  a  simple  crystal  arrangement;  the  chlorine  atoms  in 
CCI4  occupy  the  corners  of  a  regular  tetrahedron,  and  this  figure 
determines  the  face  centered  cubic  arrangement.  The  chlorine  atoms, 
to  which  nearly  the  whole  of  the  scattering  is  due,  may  thus  be  properly 
thought  of  as  forming  exceedingly  small  crystals  of  this  structure;  the 
vapor  is  thus  a  crystal  aggregate  similar  to  that  of  polycrystalline  silver. 
The  marked  differences  between  the  two  patterns  are  due  to  the  dis- 
parity in  the  number  of  atoms  forming  the  individual  crystals  in  the 
two  cases.  The  number  in  the  chlorine  crystals — four  each — is  the 
smallest  possible,  and  the  "resolving  power"  of  the  crystal,  regarded 
as  an  optical  instrument,  is  in  consequence  the  least  possible.  The 
form  of  the  pattern  for  CCI4  accords  with  the  tetrahedral  arrangement 
of  the  chlorine  atoms;  the  scale  of  the  pattern  with  the  calculated 
wave-length  of  the  electrons  fixes  the  length  of  the  tetrahedron  edge. 

The  purpose  of  this  report  is  accomplished  with  the  description  of 
these  few  representative  experiments  which  reveal  and  demonstrate — 
so  far  as  demonstration  is  possible — a  wave  aspect  of  electrons  in 
conformity  with  de  Broglie's  conception.  The  experiments  do  not 
tell  us  in  what  medium,  if  any,  the  waves  occur,  with  what  speed  they 
are  propagated,  whether  they  are  longitudinal  or  transverse  and  cap- 
able of  polarization — they  tell  us  merely  that  when  electrons  reach  an 
element  of  space  from  a  given  source  simultaneously  over  different 
paths  the  resultant  intensity  (the  number  of  electrons  traversing  the 
element  per  unit  time,  as  we  think  of  it)  is  not  the  arithmetic  sum  of 
various  scalar  contributions  as  we  naturally  expect  it  to  be,  but  is 
given  instead  by  the  square  of  the  sum  of  contributions  which  are  vec- 
tor quantities — in  precisely  the  manner  with  w*hich  we  are  familiar  in 
optics.  We  must  make  the  addition  as  if  we  were  dealing  with  super- 
posed trains  of  waves — with  due  regard  for  phase  as  well  as  amplitude. 
This  kind  of  addition  is  characteristic  of  trains  of  waves.  When  we 
find  quantities  which  add  together  in  this  particular  way  we  concludie 
that  the  quantities  are,  in  fact,  trains  of  waves;  this  is  our  reason  for 
regarding  light  and  X-rays  as  wave  phenomena  and  it  is  our  reason 
also  for  so  regarding  electrons. 

Having  demonstrated  the  convenience,  if  not  indeed  the  necessity, 
of  regarding  electrons  in  certain  circumstances  as  waves  rather  than 
as  particles,  we  enquire  naturally  if  these  waves  are  refracted  on  passing 
from  one  medium  to  another  like  the  waves  of  light  and  X-rays,  and 
whether  or  not  they  are  polarizable.  We  rather  expect  to  find  that 
they  do  exhibit  refraction,  for  if  the  wave-length  of  a  beam  of  electrons 
in  vacuo  is  given  by  X  =  (150/Fj^  "  we  expect  that  on  passing  into  a 
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metal  of  which  the  thermionic  work  function  is  v?  the  wave-length  of 
the  beam  will  be  altered  to  X'  =  [150/(7+  <p)y'^.  We  expect,  in 
other  words,  that  the  metal  will  have  for  electrons  accelerated  through 
T'  volts  a  refractive  index  given  by  m  =  X/X'  =  (1  +  ^/VV'^-  Some- 
thing of  this  kind  is  indeed  found  experimentally,  though  the  phe- 
nomenon is  less  simple  than  we  have  here  imagined. 

Evidence  of  refraction  is  contained  in  the  experimental  results  dis- 
played in  Fig.  4.     The  ordinates  of  this  curve  are  proportional  to  the 
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Fig.  4 — Curve  exhibiting  selective  reflection  of  electrons  incident  at  10  degrees  on 
nickel  crystal — (111)  face.     Departures  from  simple  Bragg  law  reveal  refraction. 

intensity  of  the  beam  regularly  reflected  at  10  degrees  incidence  from  a 
nickel  crystal;  the  abscissa  are  proportional  to  the  reciprocal  of  the 
wave-length  of  the  incident  beam.  The  maxima  in  the  curve  represent 
selective  Bragg  reflections  of  a  sequence  of  orders,  but  are  displaced 
somewhat  to  the  left  from  the  positions  calculated  from  the  simple 
Bragg  formula,  and  indicated  in  the  figure  by  arrows. 

The  simple  Bragg  formula  is  derived  with  the  assumption,  however, 
that  the  refractive  index  of  the  crystal  is  unity.  The  more  general 
formula  for  reflection  from  a  crystal  face  is  n\  =  2d{^i^  —  cos^  oy^ 
which  reduces  to  the  familiar  form  when  the  index  yu  is  equal  to  one. 
Thus  if  Xi  represents  the  wave-length  at  which  Bragg  reflection  of  a 
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given  order  is  expected  (m  =  1)  and  X  the  wave-length  at  which  the 
reflection  maximum  is  actually  observed,  then  the  refractive  index  of 
the  crystal  satisfies  the  formula 

(^2  -  1)  =sm^-d(~-  1 

Or  if  in  agreement  with  our  assumed  dispersion  formula  m^  —  1  =  <pIV 
the  constant  <p  will  be  given  by  (^  =  ( Fi  —  V)  sin^  d  where  Fi  and  V 
are  the  voltages  corresponding  to  wave-lengths  Xi  and  X. 

On  our  simple  view  of  the  matter,  we  expect  this  formula  to  yield 
the  same  value  of  ^  for  all  orders  of  reflection  and  for  all  angles  of 
incidence.  This  expectation  is  not,  however,  realized.  From  Fig.  4 
we  obtain  for  the  value  of  <p  for  nickel  14  or  15  volts.  But  under  other 
conditions  values  are  obtained  as  low  as  10  volts  and  as  high  as  20  or 
25  volts.  The  results  shown  in  Fig.  2,  if  rightly  interpreted,  also  are 
incompatible  with  the  assumed  law  of  dispersion.  Thus,  if  d  represents 
the  calculated  glancing  angle  at  which  the  nth  order  Bragg  reflection 
occurs  for  a  given  wave-length  when  ^  =  1  (<p  =  0),  then  for  (^  5^  0 
this  reflection  is  to  be  expected  at  angle  di  such  that 

sin  0    ^  /  4rfV  \'" 


sin  ^1       \  150w- 

It  will  be  noted  that  the  right  hand  side  of  the  equation  does  not  in- 
volve the  speed  or  wave-length  of  the  incident  electrons  from  which 
we  conclude  that  relative  defections  from  the  simple  Bragg  law  should 
be  as  conspicuous  for  high  speed  electrons  as  for  low,  and  this  we  find 
not  to  be  the  case ;  the  reflections  recorded  in  Fig.  2  conform  to  the  sim- 
ple law,  as  if  (p  were  equal  to  zero.  The  situation  then  is  this,  that 
while  we  have  clear  evidence  that  electron  waves  are  refracted,  the 
laws  of  their  refraction  are  evidently  not  simple,  and  are  yet  to  be 
discovered. 

I  turn  now  to  the  polarization  of  electron  beams.  Rupp,  in  a  re- 
cent series  of  remarkable  experiments,  has  shown  that  a  beam  of  elec- 
trons may,  in  appropriate  circumstances,  exhibit  an  asymmetry  with 
respect  to  its  direction  of  motion.  In  these  experiments,  beams  of 
electrons  are  difi"racted  by  thin  films  of  gold  and  annular  patterns  are 
obtained  like  the  one  for  silver  shown  in  Fig.  3.  They  difter,  however, 
from  the  patterns  ordinarily  obtained  in  that  the  individual  rings  are 
not  uniformly  dark  all  around,  or  as  we  say,  in  all  "azimuths."  In  a 
certain  azimuth  the  density  of  each  ring  is  at  a  maximum,  in  the  oppo- 
site azimuth  (180°  away)  it  is  at  a  minimum — the  rings  are  stronger  or 
denser  on  one  side  of  the  pattern  than  on  the  other.     This  signifies  a 
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non-uniformity  or  asymmetry  in  the  number  of  electrons  scattered 
into  the  various  segments  of  a  ring,  and  is  due  to  an  asymmetry  in  the 
source  of  the  electrons  constituting  the  beam  incident  upon  the  gold 
foil.  These,  instead  of  coming  directly  from  a  filament  or  from  a 
high  voltage  discharge,  as  is  ordinarily  the  case,  are  electrons  which 
have  already  been  scattered  through  90  degrees  by  a  metal  target. 
The  primary  beam  of  electrons  moved  in  a  line  parallel  to  the  diffrac- 
ting film  and  at  some  distance  away;  it  fell  upon  a  metal  target;  some 
of  its  electrons  were  scattered  through  90°  by  this  target,  forming  a 
secondary  beam  which  was  the  one  diffracted  by  the  film  of  gold. 
Azimuths  about  a  secondary  beam  formed  in  this  way  are  not  indistin- 
guishable :  one  of  them  is  unique  in  containing  the  primary  beam  which 
fell  upon  the  target.  It  is  in  this  azimuth  that  the  electrons  are  most 
copiously  scattered  by  the  diffracting  film,  and  the  rings  are  most 
dense. 

The  sense  of  the  effect  may  be  stated  in  a  different  way.  If  the 
density  of  the  rings  were  independent  of  azimuth,  the  mean  total  de- 
flection from  the  primary  beam  (the  deflection  at  the  target  plus  the 
deflection  at  the  film)  of  the  electrons  forming  the  pattern  would  be 
90°:  but  actually,  the  mean  deflection  is  greater  than  90°.  The  elec- 
trons in  the  secondary  beam  have  a  bias  toward  a  further  deflection 
in  the  same  sense  as  that  which  they  received  at  the  target. 

Rupp  has  further  shown  that  the  eft'ect  of  passing  the  secondary 
beam  (the  beam  from  the  target  to  the  film)  through  a  longitudinal 
magnetic  field  is,  so  to  speak,  to  rotate  the  azimuth  of  polarization; 
the  azimuth  of  maximum  density  is  displaced  from  its  original  position 
(without  magnetic  field)  in  a  sense  which  depends  upon  the  direction 
of  the  field  and  by  an  amount  proportional  to  the  length  and  intensity 
of  the  field. 

The  effect  of  a  transverse  magnetic  field  is  difi'erent  for  different  azi- 
muths; if  the  direction  of  the  field  is  normal,  to  the  plane  of  the  primary 
beam  incident  upon  the  target  and  the  secondary  beam  the  eft'ect  is 
nil.  If  it  is  parallel  to  this  plane  the  polarization  of  the  secondary 
beam  decreases  as  the  field  strength  is  increased ;  at  a  critical  intensity 
depolarization  is  complete,  and  at  intensities  which  are  higher  still, 
the  polarization  is  reversed — the  azimuths  of  maximum  and  minimum 
density  are  interchanged.  In  these  tests  with  transverse  magnetic 
fields  the  force  on  the  electron  due  to  its  motion  through  the  magnetic 
field  is  balanced  by  the  force  due  to  a  suitably  adjusted  electrostatic 
field. 

The  results  obtained  by  Rupp  in  these  experiments  may  be  ex- 
plained by  means  of  the  concepts  of  electron  spin  and  corresponding 
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magnetic  moment.  The  spin-axes  of  the  electrons  of  the  primary 
beam  we  imagine  to  be  oriented  at  random.  But  among  the  electrons 
scattered  by  the  target  this  is  no  longer  true;  those  scattered  in  any 
small  solid  angle  have  a  non-uniform  distribution  in  orientation;  the 
resultant  of  all  their  spins  is  a  vector  normal  to  the  plane  containing 
the  primary  beam  and  the  direction  of  scattering.  Thus,  the  result- 
ant spin  vector  is  everywhere  tangent  to  circles  about  the  primary 
beam,  in  the  same  general  way  as  the  magnetic  vector  in  the  field  about 
a  wire  carrying  an  electric  current.  If  the  polarization  process  is  one 
of  selection — if,  that  is,  the  scattering  material  selects  from  the  incident 
electrons  those  of  a  particular  orientation  to  scatter  in  a  particular 
direction,  then  it  is  to  be  expected  that  double  scattering  will  exhibit 
just  the  type  of  asymmetry  which  Rupp  actually  observes. 

The  effect  of  a  magnetic  field  upon  a  spinning  electron  is  to  cause  its 
spin  vector  to  precess  about  an  axis  parallel  to  the  direction  of  the 
field.  The  same  statement  may  be  made  in  regard  to  the  resultant 
spin  vector  of  an  assemblage  of  electrons  such  as  that  which  consti- 
tutes the  beam  incident  upon  the  gold  foil  in  Rupp's  experiments. 
This  action  is  competent  to  explain  the  various  changes  which  Rupp 
observes  in  the  state  of  polarization  of  the  primary  beam  when  it  has 
traversed  the  differently  directed  fields.  The  magnitude  of  the  effect 
yields  a  value  of  the  ratio  of  the  magnetic  moment  of  the  electron  to 
its  angular  momentum  and  this  agrees  well  with  the  theoretical  value 
of  this  ratio,  e/mc. 

It  will  have  been  remarked  perhaps  that  in  picturing  these  polariza- 
tion effects,  we  have  reverted  to  the  conception  that  electrons  are 
particles.  It  is  difficult  to  see  how  they  are  to  be  explained  in  terms 
of  the  characteristics  of  waves.  There  is,  however,  no  particular 
reason  for  making  the  effort.  Here,  as  in  other  circumstances,  the 
choice  of  conception  is  entirely  a  matter  of  convenience. 


An  Expansion  for  Laplacian  Integrals  in  Terms  of 

Incomplete  Gamma  Functions,  and 

Some  Applications* 

By  EDWARD  C.  MOLINA 

Introduction 

LAPLACE  has  given  us,  in  the  Theorie  Analytique  des  Probabilites, 
Book  I,  Part  II,  Chapter  I,  a  method  of  approximating  by  means 
of  series  to  the  value  of  a  definite  integral  of  the  type 


where  Ti,  V2,  •  •  •  yn  are  functions  of  x  whose  exponents  9i,  62,  •  •  •  On 
are  of  the  same  order  of  magnitude  as  a  large  number  6.  The  last 
function  in  the  integrand,  4>,  embraces  all  factors  whose  exponents 
are  of  low  order  of  magnitude  compared  with  d.  The  integral  here 
considered  must  not  be  confused  with  the  well  known  "Laplacian 
Transform"  integral  which  is  also  embodied  in  the  Theorie  Analytique. 
When  the  function  0(.r)  is  other  than  a  mere  constant,  the  Laplacian 
method  as  presented  in  the  Theorie  Analytique  does  not,  in  certain 
cases,  give  us  a  series  which  reduces  to  its  first  term  as  6  approaches 
infinity.  The  object  of  this  paper  is  to  present  a  modification  of  the 
method  which  gives  the  desired  result  and  to  present  two  applications 
of  considerable  practical  importance.  The  modification  consists  in 
divorcing  the  function  (/>  from  the  factors  of  the  integrand  raised  to 
high  powers  and  associating  <^  with  the  factor  {dxjdt)  which  makes  its 
appearance  with  the  Laplacian  change  of  variable  from  x  to  /. 

Deduction  of  Modified  Expansion 
Setting  dsid  =  Ys  we  have 

3'/'3'2''  •  •  •  3'.'"  =  (>'i^'3'2''  •  •  •  yn'-y=  /, 

(1)  1=  r[y{x)Jcf>(x)dx, 

which  we  shall  write  in  the  form 


1=  r  \:y(xr4>u>ix)dxj 


*  Presented  by  title  at  International  Congress  of  Mathematicians,  Zurich,  Swit- 
zerland, September,  1932. 
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where  N  =  6  -\-  iv,  4>u{x)  =  \^y{x)2'~"'4>{x).  Introducing  the  parameter 
w  does  not  constitute  an  essential  modification  of  the  procedure 
given  by  Laplace,  but  we  shall  find  that  w  plays  an  important  part 
when  we  come  to  applications  of  the  expansion  presented  in  this 
paper. 

In  what  follows  it  is  assumed  that  y{x)  is  a  positive  monotonically 
increasing  or  decreasing  function  in  the  range  .ri,  .r2;  the  extension  to 
a  range  of  integration  divisible  into  subranges  within  which  y(x)  is 
monotonia  will  be  obvious. 

Let  X  be  that  one  of  the  two  limits  .ri,  x^  for  which  3'(.v)  has  its 
greatest  value;  set  y{X)  =   Y.     Assume  with  Laplace  that 

(2)  [log  Y  -  log  t(x)]^  =  (x  -  X)g{x,  X), 

n  being  a  positive  number  or  zero  and  g  a  function  of  which  {x  —  X) 
is  not  a  factor.     Set 

(3)  y  =  Ye-"-^', 

(4)  c}>^..{x)  (dx/dt)  =  ^o  +  ^iY-j  +  ^22i  +  ^3  3j+---. 

These  two  equations  give  (certain  well-known  conditions  being 
fulfilled) 

i_e_ai^ 

Finally  set  iV/"+^  =  T  and  we  obtain  the  modified  LapJacian  expansion 


(6) 

^=^^s(^ 

wherein 

//.=  ^  +  l, 

u  +   1' 


Ti  =  A^log  Y  -  log  3'(.vi)].         =  0     if     X  =  .n; 
T2  =  Nllog  Y  -  log  y{xi)2,         =0     if    X  =  .T2; 

f 

Fills,  T')  =  ^ 


T"-^e-TdT 


Tills) 
V  =  Ti  or  T2. 
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For  the  computation  of  P{Ha,  T')  recourse  may  be  had  to  the 
extensive  "Incomplete  Gamma  Function"  Tables  edited  by  Karl 
Pearson  which  give  the  ratio  of  the  incomplete  to  the  complete  function. 
When  Ht  is  a  positive  integer  we  have 

the  well  known  Poisson  Exponential  Binomial  Limit  for  which  short 
tables  will  be  found  in  Pearson's  "Tables  For  Statisticians  And 
Biometricians "  and  in  T.  C.  Fry's  "Probability  and  Its  Engineering 
Uses." 

Applications 
I 
Consider  the  incomplete  Beta  Function 


Kp)  =  r  (1  -  xy-^x^-^dx 

Jo 


for  positive  integral  values  of  n  and  c  such  that  n  is  large  compared 
with  c.     Its  modified  Laplacian  expansion  is 

I{p)  =  {c  -  \)\{n  +  w)-'=Z(w  +  w)-^Aim,  c  -  l)P(c  +  m,  T2), 
where  T2  =  —  (n  +  w)  log  (1  —  p)  and,  setting  w  =  {d  —  c  +  l)/2,i 

1. 
c\d 
1/2' 

c+  1 
2 

c  +  2 
\     3 
c  +  3 
4 


A{0,c  -  1) 

A{l,c  -  1) 

A{2,c-  1) 

A{3,c  -  1) 

A{4,c-  1) 

-(:r)[ 


(c  -  1)  +  3d^ 
12 

(c  -  l)d  4-  d' 


5(c  -  ly  -  (2  -  30d^)(c  -  1)  +  15^^ 
240 


As  many  more  coefficients  as  one  desires  can  be  obtained  by  means 
of  the  equations 

c  —  I  -\-  m 


fc=o  \     m  +  k 

Q{m  +  \,k)  =  {m-\-  k)Q(m,  k  -  l)  +  (w  +  k)Q{m,  k), 
Q(o,  0)  =  1. 
^  See  Appendix  II  for  the  details  of  the  analyses. 
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The  expansion  given  above  for  I{p)  is  of  great  practical  value  in 
connection  with  the  evaluation  of  the  incomplete  binomial  sum- 
mation.    We  know  ^  that 

■  P{cvn,p)  =  E  (")M1  -  py-' 

x=c  ^"  ^ 

therefore,  we  have 

P(c;  n,  p)  =  ,     ^      ""l ^,  Z  f^— V^(m,  c  -  \)P{c  +  m,  T^. 

This  approximation  formula  is  submitted  for  ranges  of  values  of  c 
and  n  such  that  c  is  of  the  order  of  magnitude  of  V'^  or  less.  But  for 
values  of  P{c\  n,  p)  which  are  of  most  interest,  say, 

.0001  <  P  <  .9999, 

c  is  of  the  same  order  of  magnitude  as 

a  =  np 

when  11  is  a  large  number.  Therefore,  the  formula  is  particularly 
valuable  for  values  of  p  which  are  of  the  same  order  of  magnitude  as 
1/Vw  or  less. 

The  first  table  at  the  end  of  this  paper  indicates  the  degree  of 
accuracy  obtainable  by  taking  d  =  0  and  using  only  one  or  two 
terms  of  the  approximation  for  P{c;  n,  p).  The  table  also  indicates 
the  result  of  taking  d  such  that  Ti  =  a  =  np,  and  using  only  one, 
two,  three  or  four  terms  of  the  approximating  series. 

I  am  indebted  to  Miss  Elizabeth  McCusker  and  Miss  Catherine 
Lennon  of  the  Department  of  Development  and  Research  of  the 
American  Telephone  and  Telegraph  Company  for  the  computation 
work  involved  in  the  construction  of  the  tables  at  the  end  of  this 
paper. 

II 

Consider  the  Bessel  Function 

^"(*)  =  /-w!^i  1^  r  (^^"^)'"  ^'^""^  ^•^'' 

V  ivT(n  +  2)  Jo 
^  See  Laplace,  "  Theorie  Analytique  des  Probabilites,"  1st  edition,  p.  151. 
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for  b  large  compared  with  w,  n  being  a  positive  integer.     Writing 


e-'LXb)  =  -7-: 


^|  Trr(n  + 

leads  us  to  the  modified  Laplacian  expansion 

2  b 


2)  Jo 


<TT{2b    +   W) 

where 

"      .feo\86  +  4w)     2  (2«) !       P{n  +  i  2&  +  7t;)       (w  +  m) ! 

To  determine  the  coefficients  A^n+zm  we  proceed  as  follows: 
For  the  integral  now  under  consideration 

N  =    2b   -\-  W,  Xi   =    0,  X2   =    TT, 

y(^x)  =  e-^^-^^"^''),         X  =  0,         F  =  1, 
(log  F  -  log  3-)^  =  (i  -  I  cosx)^  =  xg{x),      ■ 

\  .  X    ^    (-  lyx^" 

g{x)  =  -  sm  -  =  2. 


x        2      fcro22^+H2^  +  1)!' 
so  that 

u  =  1,         3;(x)  =  e-'\         T,  =  0,         Ts  =  2&  +  w, 

0t.(:v;)  =  (I  sinx)2»g"'C-<')% 

Bin+2m  =  InWin  +  |)/(w  +  w)!(2»)!22'"+^]^2n+2,n. 

The  relations  above  give 

4>^{x){dx/dt)    =    2/2" (1    -   /2)n-Jg«,<2, 

Let 

E^'2«+2./2"+2V(2w   +   25)!   =    2/2"(l    -   /2)«-^, 
s=0 

so  that 

A',n-  2(2w)!, 

_  (-  1)^(2/^  -  l){2n  -  3)  ••'  {2n  -  25  +  1)(2^^  +  25)!  , 

^   2n+2s    —  \  2«-l5l         "^  ~  ' 

then 

=     Z    Z^'"+'^+''^'2n+2.wV^!(2w    +    25)! 
A.-=0  x=0 

3  An  expansion  of  this  type  for  Bessel  functions  was  derived  many  years  ago  by 
Hadamard;  see  Watson,  "A  Treatise  on  the  Theory  of  Bessel  Functions,"  pp.  2U4 
and  205. 
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and 


^2n+2n./(2w  +  2m) !  =  Z (^V-^ 0^'2n+2m-2 J(2«  +  2m  -  2k)\ 


We  must  now  assign  a  value  to  w.  One  which  suggests  itself  is  to 
take  w  such  that  the  second  term  in  our  expansion  for  /„(&)  vanishes; 
in  other  words,  such  that  ^2n+2  shall  be  zero.  This  merely  requires 
that  we  set  w  =  n  —  Xjl,  giving 

A2n  =    2{2n)\,  A2n+2=    0 

^2n+4  =  -  {2n-  l)(2w  +  4)!/2,         ylgn+e  =  -  {2n  -  l){2n  +  6)!/3 
A2n+s  =  {2n  -  l)(2n  -  5){2n  +  8)!/16,  etc. 
For  n  =  1  and  w  =  1/2  we  have 

A^  =4,         yl4  =  0,         ^6  =  -  360,         ^8  =  -  13440,  •  •  • 
2b 


e-H,{b)  = 


2b  +  .5 


\p(3/2,2b  +  .5)/Vx(2&  +  .5) 


5i 


wherein 


5i  =  1  -  15(8i  +  2)-2 


P(7/2,  2b  +  .5) 
P(3/2,  26  +  .5) 


-  140(86  +  2)-3 


P(9/2,  26  +  .5) 
P(3/2,  26  +  .5) 


The  degree  of  accuracy  obtainable  when  only  one,  two  or  three 
terms  of  Si  are  made  use  of  is  indicated  by  the  second  table  at  the 
end  of  this  paper.  For  some  values  of  6,  ranging  from  6  to  16,  com- 
parison is  made  between  the  successive  approximations  for  e~^Ii{b) 
and  its  true  value  as  given  by  Watson  in  his  Theory  of  Bessel  Functions. 
The  last  three  columns  of  Table  II  give  the  figures  for  w  =  0  instead 
of  w  =  1/2. 

Appendix  I 
When  the  expansion  of  <pu>(x){dx/dt)  is  not  obvious  we  may  proceed 
as  does  Laplace  in  expanding  idxjdt). 
Equations  (2)  and  (3)  give 


(7) 


X  =  X  +  tg-\ 


This  last  equation,  together  with  the  Lagrange-Laplace  expansion 
theorem,  gives  for  a  function  of  x  the  expansion 


f{x)  =  AX)  +  L 


s=iS'  L 


dx^ 


\ )  n^) 


.  x=A' 
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But  df{x)ldt  =  f{x){dxldt).     Therefore,  taking /(x)   such   that  /'(a:) 
=  <i>w{x), 


dt 


A .  =  [D/g-^'+^^<f>Mlx=x,         D.'  =  —  , 


W 


or 

(8) 


[5  -  (m  +  l)z;]! 

Beta  Function 
For  the  incomplete  Beta  Function  we  have, 

X=0,         u^O,         F  =  1,         g(0)  =  1, 

c  —  1  +  r 


</>(:x;)  =  x-Kl  -x)-=i:('        J"^") 


Therefore, 


S—(.C—1)  „.,v 


-^=    E    ^E 


(5  -  z;) ! 


or 


[5  -  (c  -  1)  -  z;  -  ry. 

Since  -44=0  for  5  <  c  —  1,  set  s  —  c  —  1  -\-  m;  then  interchanging 
y  and  m  —  v  we  obtain 

^^^      (c-l+m)!      i>(^^  -t^)!r=o  V     c-1      ;  {v-r)l 

To  evaluate  (9)  we  may  have  recourse  to  the  formula  * 

(-  i)^(^)z)/^g^ 


(10) 
taking 


..^.-s,-l,-)i 


(5  +  X)g^+^ 


M  =  V  —  r, 
S  =  c  -\-  V. 


*  See  formula  25,  page  15,  of  Schlomilchs  Hoheren  Analysis,  Band  II,  Dritte 
Auflage,  1879.  I  am  indebted  to  Mr.  J.  Riordan  of  the  Department  of  Development 
and  Research,  American  Telephone  and  Telegraph  Company,  for  calling  my  attention 
to  this  formula. 
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Bessel  Function 
For  the  Bessel  integral  with  h  large  compared  with  n  we  have 


;^  =  0,         u=  \,        g(0)  -  1/2,         F-  1, 


</)(x) 


u 


1    —    Sin^  I    ;r 


=  lixgY  -  {xgyy 


r=0  \    ' 


Substituting  in  (8)  we  have 

a/_  IV'  ^  (  n  \    [P/-2«x'^»+2rg-(«-2n-2.-2r+l)-[^^p 

5!  '-hv\h^        ^    \rl  (5-2.)! 


where  2R>  s  -  2n  -  2v]  note  that  li  R  >  n,  then  (       1=0. 

Since  ^s  =  0  for  5  <  2n  and  g  is  an  even  function  of  x,  set  5  =  2w. 
+  2w.     Then  Leibnitz's  theorem  and  interchanging  v  with  m  —  v  give 


(11) 


^2n 


+2m 


m  „.,m—v 


=  L 


w" 


(2w  +  2m) !      „T'o  (w?  —  ^) 


l.t-o^      ^    U/  (2z;-2r)! 


where  again  we  may  have  recourse  to  (10)  for  the  differentiations  of 
negative  powers  of  g{x). 

Appendix  II 
Writing  the  incomplete  Beta  Function  in  the  form 


I(P) 


=  ^(1  -  xy 

Jo 


+w-^c-i(^l  _  x)~'-''+"''>dx, 


we  now  have 


N  =  n  -\-  lu,         Xi  =  0,         X2  =  p, 
y{x)  =  (1  -  x),  F=  1,         X=  0, 

(l)n,{x)  =  x'-'^{l  -  x)-'-'+"'\ 
log  F  -  log  y  =  -  log  (1  -  x), 

(X        x^  \ 

1  +  2  "^  V  "  * ) ' 

u  =  0, 
y(x)  =  e~\ 
T,=  0, 

n  =  -  (w  +  ^to  log  (1  -  ^). 


I 
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Au+c-l-k)t 


From  these  equations  we  deri\e 
<i>u,{x)(dxldt)  =  e-'{e'  -  \y-^ 

5  =  c  —  1  +  m. 
Therefore  (see  any  work  on  finite  dififerences), 


Ac-i+m  =  A<=-i(w)<^-i+'"  =  (-  l)'"A<^-i(-  IV  -  c  -{■  1)'-^+'". 


Now 


we  have 
or 


=  {w  -^  c  -  l)A'-'{uy-'+^  +  {c  -  l)A'-2(7£;)<=-2+"'+i. 
Increasing  c  by  1,  decreasing  m  by  1  and  setting 
Ac-i+m  =  (c  -  l)lA{m,  c  -  1), 

A{m,  c)  —  A{m,  c  —  1)  =  (w  +  c)A{m  —  1,  c) 

AcA(m,  c  —  1)  =  {w  +  c)A{m  —  1,  c) 
where  the  subscript  c  implies  that  Ac  operates  on  c.     Assume  that 

Mm,  c  -  i)  =  tQ(n,,  k)  d\Y 
where  the  coefficients  Q(jn,  k)  are  functions  of  -tv;  then 

AMm+l.  c-l)=  toini.  k){ti'+c)  ('J'_^^'^ 

\m-\~k-{-l/  \m-\-k 

=  L[(w  +  ^)(2(m,  k-\)  +  {w^k)Q{m,  k)'][^J_^^y 

from  which,  by  finite  integration  with  reference  to  c,  we  obtain 

'"+1  fr—\A-ni-\-\ 

A{m  +  \,c-\)=j:[_{m  +  k)Q{m,k-\)  +  {w-^k)Q{m,k)-][^   „,+  l+I 

so  that 

Q{m  +  1,0)  =  ivQim,  0), 

Q{m  +  \,k)  =  (m  +  k)Q{m,  k  -  \)  +  {iv  +  k)Q{ni,  k), 

Q  <  k  <  m  +  \, 
Q{m  +  1,  w  +  1)  =  {2m  +  l)Q{m,  m). 

Since 

c  -  \ 


i  =  0 
t=0 


^(0,  c  - 1: 


1  = 


0 


572  BELL  SYSTEM  TECHNICAL  JOURNAL 

we  know  that  <2(0,  0)  =  1.     Hence 


A{A,c-  1) 


etc. 


+  (45^2  4-  60w  +  25)  ("  "^  "^  ^  ) 

+  (105..;  +  105)  (  '  t  ^  )  +  105  (  '  t  ^  ) 


As  yet  the  value  of  w  has  not  been  specified.     Since  when  ni  is  an 
odd  number  and  w  =  —  (c  —  l)/2,  the  equation 


^c-l(^)c-l+7«   :^    (^_    \)m^c-\(^_   ^   _   ^  _|_    l^c-l+m 


gives  us 


f   ^\  c— l+m 


=  0, 


let  us  write  w  =  (d/l)  —  {c  —  l)/2,  leaving  d  arbitrary;  we  obtain 


A{<d,c  -  1 

)  =  1, 

A{\,c-  1 

'  =  (0f' 

A{2,c-  1 

)  =  Ct') 

r(c- 

1)  +  W  ~ 
12 

A{?>,c  -  \ 

)  =  Ct^) 

r(c- 

l)^  +  c/3' 
8 

A{A,c-  1 

)=cr) 

"5(c- 

-  1)^  -  (2  - 

240 
etc.     Finally,  for  c?  =  0,  or  w  =  —  (c  —  l)/2, 

^(0,  c  -  1)  =  1,  A{\,  c  -  1)  =  0, 

""■^^^^  ^(3,  c-l)  =  0, 

^(5,  c  -  1)  =  0 


^(2,.-:)  =  (^  +  i) 

^(4,  c  -  1) 


c  +  3\  /5c  -  7 
5      /  I      48 


etc. 
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^ 


^     -^ 


00  PO  O  r-i  «N  ■ 


o  o  o  o  o  o 


fsj  o  O  ■*  lO  C^I 


I  I 


vOOOO\rOOO'*'-"i-i\OCN 
Tl<  O  O  -*  -^  ,-1 

I  -^  I  1  ' 


O  0>  O  ^  'O  t~- 
•rt<  On  OJ  t^  tN  ■^^ 
ro  f^  "^  vO  -^  '-I 


t^  O  CN  "-I  OO  On 
00  ID  O  -^  "O  00 

NO  CN  00  0N_O_t~- 

r—  >— I    I    On  '^ 


I      I 


r- r- O  On  oo  r^        O  «-^  no  CN  t^  CN  r<-)  CN  c-J  On 

ro  O  On  O  t-~  •^        uo -^  00  O  t^  r^  fN  "*  ro  On 
00ON'-^CNI^0>O        t^iOOOiOCN-^'^CNlOONO 


I      I 


I      I 


OOOOOO        OOOOOO        O  O  O  — I  CNl  C^l  ■ 


OOOOOOrOt-fO        On '-I  <n  00  T-(  •>* 
■^  lO  CN  »-i  T-1 


lO'*ON00Ov'^fO'-<»OiO 
CN'^r^OONtONOCNNO'—i 
CN  t^  CM  ro  O  lO  CN 


-*  NO  t^  "5  CO  O 
•rt  O  t^  ■^  f^  fN 

CS  t~-  00  '-I  "^   C~^l 

no" On" rrTri^  rrT 
NO  "*  00  CN  CN 
On  t^  CO  ■^ 


On  •r-f  T^  O  00  "* 

-— I  NO  O  NO  OO  t^ 

On  ■.-I  O  On  ■■-I  CM 

CM  CM*"  ^^  t^"  oo"  -^ 
NO  rj<  OO  CM  CS 
On  t~  fO  '-I 


OO^fOONOt^t~~Ot^ON 
t^NOrM"*-HNOt^ONOr^ 

NO"— ITfONt^ONOOOOOON 

oT  cm"  cm"  ro  oo"  no"  ro"  On"  o" '-T 

ONONTfOl-^OvCMfOT-l 

On  On  On  t~-  >0  CM  "-H 


CM  •<*  NO  00  O  CM    CS  •*  NO  00  O  CM 


c^^T^NOooocM•*NOooo 

•■-1  '-I  '-I  •rt  •rH  CM 
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to 


•.-nrrit^'^OOOOOO 


lO  —  O  -^  ■^  "-I  -^ 

'77' 


-rti  >-(  O  'O  Ol  Ov  "^I  CO  O  "O 


O0c0v00i^'-<0'-i0s 
t^lvOiOOOvOO'^'O'— lO 

o  "^  ^  "^  ■*  o  t^  t-._oq^io 

t-,'"tvfo^<^  ■•— I  vO  00  -^  '— I 
-^  l^  t^  ■*  1-1 

I  I  I  I  I 


oooooooooo 


^CNt^OOfNOOOOO'* 

iot--OfO>o-^iO'-i 

ir-l  CO  fO  CS  »-l 


I 


C^lOl/-5C^C^'*O^^O00^O 
lOOsOvOf^tNOOrOOO 
oCo't— "mD  ID  O  O  •<*'  CN  CN 
On  On  C^  »-^  "0  t^  '-' 
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TABLE  II 

Bessel  Function 
e-oh{b) 

P 

w  =  n  - 

-  1/2  =  1/2  forn  =  1 

a/  =  0 

6 

(^) 

(^•) 

(^) 

(^) 

(^■) 

(^•) 

6 

8 

10 
12 
14 
16 

.152052 
.134143 
.121263 
.111464 
.103698 
.097350 

-.007497 
-  .004043 
-.002529 
-.001731 
-.001259 
-.000958 

-.001457 

-  .000587 
-.000293 
-.000167 
-.000104 

-  .000070 

-.000331 
-  .000098 
-.000038 
-.000018 
-.000010 
-.000006 

-.071134 
-.051474 
-.040358 
-.033198 
-.028198 
-.024510 

-.004188 
-.002187 
-.001344 
-.000911 

-  .000658 

-  .000497 

-.000701 
-.000261 
-.000125 
-.000070 

-  .000042 

-  .000029 

P  =  value  of  e~^Ii{b)  from  Table  II  of  Watson's  Theory  of  Bessel  Functions. 

I  p — -  J  =  proportional  error  incurred  by  using  the  first  ni  terms  of  the  series 

for  e''^Ii{b)  presented  in  this  paper. 
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Contemporary  Advances  in  Physics,  XXIV 
High-Frequency  Phenomena  in  Gases,  First  Part 

By  KARL  K.  DARROW 

This  is  an  account  of  the  behavior  of  conducting  gases  subjected  to 
high-frequency  electrostatic  fields— behavior  which  can  be  interpreted,  in 
many  cases  with  striking  success,  by  supposing  that  the  free  electrons 
wandering  in  the  gas  are  set  into  motion  by  the  field,  and  oscillate  and 
drift  according  to  laws  which  can  be  derived  from  our  knowledge  of  the 
response  of  free  electrons  to  steady  fields.  When  a  constant  magnetic 
field  coexists  with  the  high-frequency  forces,  the  phenomena  become  more 
complicated,  but  remain  predictable.  There  are  also  peculiar  phenomena 
indicating  that  the  electrons  in  a  conductive  gas  have  certain  natural 
frequencies  of  oscillation.  Applications  are  made  to  the  absorption  of 
radio-frequency  waves  in  ionized  gases. 

N  this  article  I  will  describe  some  of  the  phenomena  which  are 
observed  when  the  voltage  across  a  region  filled  with  gas  is  varying 
quite  rapidly.  Considered  as  a  function  of  time,  the  voltage  may  be 
periodic,  a  sine-wave  with  uniform  amplitude  and  of  a  frequency 
somewhere  between  a  few  thousands  and  a  few  hundreds  of  millions 
of  cycles  per  second.  It  may  be  a  succession  of  highly-damped 
wavetrains,  each  commencing  with  a  rapid  rise  of  voltage  and  con- 
tinuing in  oscillations  of  high  frequency  but  swiftly  declining  ampli- 
tude, which  die  away  into  nothing  and  after  an  interval  (it  may  be  of 
a  few  hundredths  or  a  few  thousandths  of  a  second)  are  followed  by 
another  train.  It  may  be  a  brief  irregular  spasm  of  electromotive 
force,  of  which  the  highest  value  of  the  voltage  is  measured  or  merely 
guessed.  In  the  gas  itself  there  may  be  the  phenomenon  of  sudden 
and  violent  breakdown;  or  the  establishment  of  a  self-sustaining 
luminous  discharge,  like  in  aspect  to  a  glow  or  an  arc;  or  merely  a 
vibratory  motion  of  electrons,  freed  by  other  agencies  and  set  in 
motion  by  the  oscillating  field. 

One  might  regard  this  as  a  subject  which  physicists  had  better  leave 
alone,  until  they  have  full  understanding  of  the  seemingly  much 
easier  problems  of  discharges  across  a  gas  exposed  to  a  constant 
voltage.  So  great  are  the  apparent  advantages  of  steady  or  "direct- 
current"  discharges  for  the  student,  so  great  the  apparent  inconveni- 
encies  of  high  frequencies,  that  one  might  reasonably  think  it  futile  to 
assail  the  latter  with  weapons  which  have  not  yet  overcome  the  former. 
Thus,  in  a  self-sustaining  glow  maintained  by  a  constant  voltage,  there  is 
a  peculiar  distribution  of  space-charge,  which  distorts  the  field  between 
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the  electrodes  in  a  characteristic  way,  and  manifests  itself  by  a  striking 
subdivision  of  the  gas  into  zones  of  light  and  zones  of  darkness, 
differing  much  from  one  another  in  their  electrical  state  as  well  as  in 
their  aspect.  This  distribution  is  not  established  instantly;  would 
one  not  do  better  to  examine  it  at  leisure  and  understand  it  in  full  for 
each  separate  value  of  voltage,  before  beginning  to  study  discharges 
in  which  it  is  continually  changing  over  from  the  form  appropriate 
to  one  voltage  into  the  form  appropriate  to  another?  or  discharges 
in  which  the  voltage  is  varying  so  rapidly,  that  the  gas  is  always  in  a 
state  of  transition,  never  even  approaching  the  equilibrium  appropriate 
to  any  steady  value  of  voltage  whatever? 

Well,  this  is  not  necessarily  to  be  supposed!  it  may  be  that  when 
the  voltage  across  the  gas  varies  with  extreme  rapidity,  the  gas  itself 
enters  into  a  sort  of  equilibrium-state,  perhaps  even  a  more  intelligible 
state  than  that  which  it  attains  when  it  is  allowed  an  ample  time  to 
adjust  itself  to  a  constant  value  of  voltage.  The  simplicity  of  certain 
empirical  laws  of  the  high-frequency  glow  suggests  this,  as  also  does 
the  aspect  of  the  glow.  There  is  also  the  following  argument,  rather 
paradoxical  in  sound,  perhaps,  but  forcible.  A  self-sustaining  direct- 
current  discharge,  a  glow  or  an  arc,  involves  a  steady  outflow  of 
electrons  from  its  cathode.  This  outflow  must  be  maintained  by 
agents  coming  out  of  the  gas  itself — photons  and  positive  ions  and 
excited  atoms,  which  are  generated  in  the  gas  by  the  discharge  and 
fall  upon  the  cathode.  Of  the  relative  prominence  of  these  agents, 
little  is  known — it  forms  one  of  the  major  problems  of  the  steady  dis- 
charge in  gases;  but  at  least  it  is  certain,  that  they  owe  their  existence 
and  their  effectiveness  largely  to  the  distribution  of  space-charge  in  the 
gas.  The  distribution  of  the  space-charge  therefore  is  controlled  by 
the  requirement  (or  seems  controlled — one  never  knows  what  is  cause 
and  what  is  effect)  that  the  electron-outflow  from  the  cathode  must 
be  kept  at  a  level  suitably  high.  Now  in  the  high-frequency  discharge, 
the  demand  for  electrons  from  the  cathode  is  attenuated  or  abolished ; 
witness  the  fact  that  such  discharges  may  be  maintained  when  the 
electrodes  are  separated  by  insulators  from  the  gas!  The  peculiar 
disposition  of  the  space-charge  is  therefore  not  demanded,  at  least  not 
to  so  great  an  extent;  conditions  are  intrinsically  simpler. 

This  feature  of  high-frequency  discharges — their  competence  to  do 
without  electrons  from  the  cathode — requires  attention.  It  is  derived 
from  a  fundamental  principle,  which  one  is  all  too  likely  to  forget 
if  one  has  long  been  occupied  with  steady  currents:  the  principle  of 
Maxwell,  that  an  electric  field  when  varying  in  time  is  equivalent  to 
a  current.     Let  us  apply  this  principle  to  a  current  in  a  circuit  (Fig.  1) 
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composed  of  a  source  E  of  electromotive  force;  wires  leading  (one  of 
them  through  a  galvanometer  G)  from  the  opposite  poles  of  the 
source  to  electrodes  A  and  C;  and  a  gas  between  the  electrodes.  For 
convenience  let  us  imagine  the  gas  enclosed  in  a  cylindrical  vertical 
tube,  the  electrodes  near  its  ends. 

Take  up  first  the  direct-current  discharge;  say  the  cathode  is  above; 
consider  any  surface,  S,  cutting  across  the  gas  which  the  tube  encloses. 
After  the  steady  state  is  established,  there  will  be  positive  ions 
crossing  the  surface  on   their   way   toward   the   cathode    (upward) 


0 


E   /Oo* 


Fig.  1 — Illustrating  an  internal-electrode  tube  for  the  transmission 
of  high-frequency  current  through  gas. 

and  negative  ions  crossing  it  on  their  way  toward  the  anode  (down- 
ward). We  may  speak  of  these,  both  classes,  as  ions  going  in 
the  "right"  direction.  The  total  charge  which  they  carry,  as  many 
of  them  as  cross  in  unit  time,  will  be  the  current  across  the  surface 
— if  there  are  no  ions  going  in  the  "wrong"  directions.  But  in 
a  luminous  discharge  there  are  generally  positive  ions  crossing  toward 
the  anode  and  negative  ions  crossing  toward  the  cathode.  The  sum 
of  the  charges  which  they  carry  must  be  subtracted  from  the  former 
sum;  or,  to  express  the  idea  better,  they  must  be  added  with  a 
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negative  sign.  We  have  to  form  a  fourfold  sum:  charges  borne  by 
positive  ions  going  up  and  charges  borne  by  negative  ions  going  down, 
with  plus  sign;  charges  borne  by  negative  ions  going  up  and  charges 
borne  by  positive  ions  going  down,  with  minus  sign.  The  terms  of 
this  fourfold  sum  may  vary  from  one  to  another  of  the  surfaces 
intersecting  the  tube  (in  general,  they  do)  but  the  sum  remains  the 
same;  it  is  the  current  through  the  gas.  It  is  also  the  current  flowing 
through  the  plane  of  the  cathode-surface  (it  may  then  consist  of  two 
terms  only,  electrons  emerging  from  the  cathode  metal  and  positive 
ions  impinging  on  it;  or  it  may  involve  the  two  additional  terms, 
because  of  electrons  falling  upon  the  cathode  and  positive  ions  re- 
bounding from  it).  It  is  also  the  current  flowing  through  the  wires, 
and  the  current  measured  by  the  galvanometer  at  G. 

Now  for  a  high-frequency  discharge,  this  must  be  modified.  The 
fourfold  sum  aforesaid  is  not  the  whole  of  the  current.  Or  rather,  we 
might  call  it  the  whole  of  the  current,  but  then  we  should  be  compelled 
to  say  that  the  current  across  the  various  cross-sections  of  the  circuit  is 
not  the  same,  and  is  not  measured  by  the  galvanometer.  We  do 
better  to  follow  Maxwell,  or  rather  the  usage  which  developed  out  of 
Maxwell's  theory:  call  it  the  "net  convection  current"  and  introduce 
the  name  "displacement  current"  for  the  quantity  which  must  be 
introduced,  in  order  to  get  a  sum  which  is  the  same  for  all  the  cross- 
sections  of  the  circuit  and  equal  to  the  reading  of  the  galvanometer. 
Nor  is  this  "sum"  to  be  obtained  by  simple  addition.  We  are  obliged 
to  take  into  account  another  complication,  from  which  direct-current 
discharges  are  free:  the  necessity  of  distinguishing  between  a  current- 
component  which  is  proportional  to  the  voltage  and  a  current-com- 
ponent which  is  proportional  to  the  rate  of  change  of  the  voltage;  or, 
to  take  the  simple  case  of  a  sinusoidal  voltage,  the  current-components 
which  are  respectively  "in  phase"  and  "in  quadrature"  therewith. 
The  displacement-current  belongs  entirely  to  the  latter  component, 
while  the  convection-current  may  belong  partly  to  the  one  and  partly 
to  the  other,  as  I  will  presently  illustrate. 

It  is,  then,  not  required  that  the  net  convection-current  should  be 
the  same  all  through  the  gas;  much  less,  that  it  should  be  the  same 
as  the  current  reported  by  the  galvanometer.  At  sufficiently  high 
frequencies,  electrons  and  positive  ions  may  oscillate  in  the  interspace 
between  anode  and  cathode  without  reaching  either,  if  they  start 
their  independent  careers  far  enough  off  from  both.  Can  one  attain 
a  condition  in  which  there  is  a  convection-current  of  oscillating  ions 
in  the  middle  of  the  gas,  but  none  whatever  in  the  vicinity  of  the 
electrodes,  and  no  electrons  escape  from  the  metal  of  the  cathode  into 
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the  gas?  Without  an  impervious  screen  between  the  metal  and  the 
gas  this  would,  I  suppose,  be  impracticable;  but  if  there  be  such  a 
screen — if  for  instance  the  electrodes  are  outside  of  the  glass-walled 
tube  containing  the  gas,  instead  of  being  inside — it  can  be  achieved. 
The  ions  in  the  imprisoned  gas  can  be  set  into  oscillatory  motion  by 
an  alternating  voltage  applied  to  electrodes  outside;  indeed,  a  self- 
sustaining  luminous  glow-discharge  can  be  maintained  within  the  tube; 
the  charged  particles  which  vibrate  in  the  shining  gas  never  enter 
the  metal  parts  of  the  circuit  nor  transfer  their  charges  to  these. 
Only  by  invoking  Maxwell's  concept  of  the  displacement  current  are 
we  able  to  contend  that  there  is  continuity  of  current-flow  around  the 
circuit  and  across  the  gap  between  the  anode  and  the  cathode. 

The  so-called  "current  through  the  gas" — i.e.  the  reading  of  the 
galvanometer  in  series  with  the  circuit — is  therefore  a  datum  decidedly 
remote  from  the  phenomena  within  the  gas.  Even  in  the  simplest  of 
all  cases,  that  of  a  direct-current  discharge,  it  merely  gives  the  sum 
of  the  four  terms  aforesaid,  not  the  value  of  any  individually.  In  the 
much  more  intricate  case  of  the  high-frequency  discharge,  it  is  a  com- 
bination of  the  four  terms  aforesaid  and  the  displacement-current. 
This  is  probably  why  it  figures  so  little  in  accounts  of  the  high- 
frequency  discharge. 

If  the  current  through  the  gas  is  hard  to  interpret  when  measured, 
the  voltage  across  it  may  present  an  easier  problem,  or  may  on  the 
other  hand  be  unmeasurable  altogether.  The  simplest  case  of  all  is 
that  of  a  gas  in  contact  with  electrodes  (as  in  the  tube  of  Fig.  1) 
between  the  two  of  which  an  undamped  sinusoidal  voltage  is  applied. 
An  alternating-current  electrostatic  voltmeter,  of  one  type  or  another, 
shunted  across  the  electrodes,  will  give  the  "effective"  or  "root- 
mean-square"  value  of  the  potential -difference  between  them.  It  is 
often  the  maximum  value  of  the  voltage  which  the  experimenter 
wants,  or  thinks  that  he  wants;  to  get  it  he  must  multiply  the  reading 
of  the  voltmeter  by  ^^  This  is  not  the  proper  factor  unless  the 
voltage  is  truly  sinusoidal;  the  observer  must  find  out  about  this 
(by  using  an  oscillograph  to  make  the  waveform  visible,  or  by  hunting 
with  a  wavemeter  for  harmonics  of  the  fundamental  frequency)  and 
use  a  different  factor  if  the  waveform  is  distinctly  not  a  pure  sine- 
function.  If  the  electrodes  are  outside  of  the  tube  containing  the  gas, 
some  part  of  the  potential-gradient  between  them  is  located  in  the 
insulating  walls,  and  does  not  act  upon  the  gas.  If  the  voltage  is 
applied  as  a  sequence  of  highly-damped  short  wavetrains  with  intervals 
between,  the  problem  of  determining  its  maximum  value  is  a  serious 
one.     Perhaps  the  best  available  methods  have  never  been  applied  in 
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experiments  in  this  field;  at  any  rate,  many  a  physicist  has  contented 
himself  with  measuring  something  which  he  thought  to  be  proportional 
to  the  maximum  voltage,  without  knowing  what  value  to  assign  to 
the  factor  of  proportionality. 

The  toughest  problem  of  all,  in  respect  of  measuring  current  and 
voltage — or  let  me  say,  in  respect  of  finding  something  significant  to 
measure — is  forced  upon  us  by  a  form  of  discharge  which  Hittorf 
invented  (this  is  probably  a  more  suitable  word  than  "discovered") 
in  1884.  He  wound  a  wire  spirally  around  a  tube  containing  air  at 
low  pressure,  connected  the  spiral  across  a  Leyden  jar  and  the  terminals 
of  an  induction-coil,  and  thus  sent  through  the  wire  a  sequence  of 
current-pulses  which  were  highly  damped  wavetrains;  they  incited  a 
brilliant  glow  in  the  tube.  Within  the  spiral,  and  therefore  pervading 
the  gas  in  the  tube,  there  was  of  course  a  magnetic  field  parallel  to 
the  axis  and  alternating  its  direction  with  the  alternations  of  the 
pulsing  current.  There  was  also  a  circular  electric  field  due  to  the 
varying  magnetic  field,  pointing  alternately  clockwise  and  counter- 
clockwise around  the  axis.  Also  there  was  a  varying  electric  field  due 
to  the  alternating  potential-differences  between  the  windings  of  the 
spiral.  All  of  these  three  must  have  influenced  the  mobile  ions  of  the 
gas!  Often,  as  Thomson  was  later  to  stress,  the  discharge  takes  the 
form  of  a  brilliant  ring,  thus  suggesting  that  it  is  the  second  of  the 
fields  which  dominates.  But  the  problem  of  their  relative  responsi- 
bilities is  a  subtle  and  very  difficult  one;  and  the  "ring  discharge"  is 
as  troublesome  to  elucidate  by  theory,  as  it  is  easy  to  realize  in  practice. 

I  have  written  thus  far  as  though  we  were  concerned  entirely  with 
two  sorts  of  stable  conditions:  the  self-sustaining  luminous  high- 
frequency  discharge,  and  the  oscillations  of  ions  in  a  gas  where  the 
supply  of  ions  is  maintained  not  by  the  alternating  voltage  but  by 
some  other  agency  acting  independently.  We  are  concerned  with 
these,  and  with  a  third  matter  as  well:  the  process  of  "breakdown," 
the  sudden  onset  of  the  self-sustaining  discharge  which  occurs  when 
the  amplitude  of  the  high-frequency  voltage  across  a  gas  hitherto 
tranquil  is  elevated  past  a  critical  value.  This  critical  value  or 
"breakdown-potential"  is  the  most  frequently  measured  of  all  the 
measurable  qualities  of  the  discharge;  though  strictly  speaking  it  is 
scarcely  a  quality  of  the  discharge,  but  rather  of  the  tranquil  gas  of 
which  it  marks  the  oncoming  transformation.  Presumably  it  is 
preceded  by  an  intermediate  state,  in  which  the  oscillating  voltage 
both  displaces  the  ions  in  the  gas,  and  gives  them  energy  enough  to 
form  others;  but  of  this  we  as  yet  know  little. 
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I  will  arranpje  the  optics  much  as  I  have  previously  arranp^ed  them 
in  the  description  of  direct-current  discharges:  ^  first,  the  observations 
on  gases  independently  ionized  and  exposed  to  an  oscillating  voltage 
which  displaces  the  independently-formed  ions;  then  the  observations 
on  breakdown  or  transition,  in  which  the  oscillating  voltage  is  raised 
to  such  a  value  that  it  initiates  and  maintains  a  self-sustaining  dis- 
charge; and  finally,  the  observations  on  the  self-sustaining  discharge 
itself.  Beforehand,  though,  it  will  be  convenient  to  derive  some 
equations  describing  the  presumable  behavior  of  ions  in  gases  exposed 
to  alternating  fields. 

First,  consider  a  charged  particle  free  to  move  in  a  vacuum,  and 
exposed  to  an  alternating  electric  field.  One  might  expect  it  to 
oscillate  to  and  fro  across  a  fixed  point,  like  a  simple  harmonic  vibrator. 
This  however  occurs  only  in  a  special  case.  In  general,  the  particle 
will  oscillate  about  a  point  which  glides  at  uniform  speed  along  the 
direction  of  the  field.  For,  let  us  write  down  the  equation  for  the 
acceleration  of  the  particle,  denoting  by  e  its  charge,  by  m  its  mass, 
by  £o  the  amplitude  and  by  v  the  frequency  of  the  field  E,  which  last 
we  suppose  directed  along  the  axis  of  x: 

m{(Pxldt^)  =  eE  =  eEo  sin  l-rrvt.  ■  (1) 

Integrating  once,  we  obtain  for  the  speed  of  the  ion, 

dx/dt  =  :r^—  (1  -  cos  2TPt)  4-  vo,  (2) 

and  integrating  a  second  time,  we  obtain  for  its  displacement  from  the 
point  which  it  occupied  at  /  =  0: 

1    eE^   ,        \  ,  1     e£o 


X  =  I  ^ +  t'o  I  /  —  .    o  o sin  lirvt.  (3) 

The  first  term  on  the  right  of  equation   (3)   represents  the  steady 

drift  of  the  centre  of  oscillation,  the  second  term  the  oscillation  to 

and  fro  across  this  centre. 

The  speed  of  the  steady  drift  is  the  coefficient  of  t  in  equation  (3). 

Its  value  depends  on  that  of  the  constant  of  integration  I'o,  which,  as 

one  sees  from  equation  (2),  is  the  speed  (or  rather,  the  .r-component 

of  the  velocity)  of  the  ion  at  the  instant  t  —  0  when  the  electric  field 

passes  through   zero.     If  this  speed  just  happened   to   be  equal   to 

eEajlirvm,  and  directed  in  the  sense  opposite  to  that  in  which  the 

increasing  field  was  about  to  draw  the  ion,  the  particle  would  oscillate 

about  a  fixed  point;  the  amplitude  of  its  vibrations  would  amount  to 

eEo/^ir'^v'^m,  its  maximum  kinetic  energy  to  e^Ei^l^ir'^v^m.     But  this  is 

1  In  a  recent  book,  "Electrical  Phenomena  in  Gases,"  abstracted  in  the  July  1932 
Bell  Sys.  Tech.  Jour.,  and  to  which  1  refer  at  various  points  in  this  article. 
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a  very  improbable  event;  it  is  difficult  to  conceive  of  any  mechanism 
plausible  or  unplausible  which  would  endow  all  the  ions  in  a  gas 
with  such  an  initial  speed.  We  can  scarcely  make  use  of  any  but  the 
most  general  formulae;  among  which  I  choose  those  for  the  drift- 
speed  71  and  the  maximum  kinetic  energy  Km  of  the  ions; 

1     eEo 

u  =  -z 1-  vo, 

2icv  m 

(4) 


A„  =  -  m 


1   bEq 

irv   m 


If  we  knew  the  distribution-in-speed  of  the  ions  at  the  instant  /  —  0, 
and  they  were  in  a  vacuum  (i.e.,  never  collided  with  atoms),  we 
could  predict  their  future  motions.  But  they  are  not  in  a  vacuum, 
and  we  do  not  know  their  distribution-in-speed  at  /  =  0.  What  use, 
then,  can  be  made  of  the  equations? 

Little  or  nothing,  I  am  afraid,  of  such  definiteness  as  to  permit  of 
exact  and  verifiable  predictions  about  high-frequency  discharges! 
After  all,  it  is  of  the  essence  of  a  discharge  that  the  phenomena  occur 
in  a  gas  where  molecules  and  ions  make  collisions  With  each  other; 
inferences  drawn  from  the  assumption  that  ions  never  collide  with 
molecules  are  not  likely  to  be  close  to  truth.  Nevertheless  we  may 
make  some  deductions  of  general  value. 

Thus:  the  expressions  for  the  amplitude  of  the  vibration  of  the  ion, 
the  constant  speed  of  the  point  about  which  it  vibrates,  and  the 
maximum  kinetic  energy  acquired  by  the  ion,  all  of  them  decrease 
vv^hen  m  is  increased.  All  of  them  either  are  inversely  proportional 
to  m,  or  else  involve  a  term  inversely  proportional  to  m.  Therefore 
all  of  them  are  much  smaller  for  positive  ions  than  for  free  electrons. 
If  a  gas  contains  ions  of  both  these  kinds,  the  free  electrons  have  by 
far  the  most  energy,  oscillate  the  farthest  and  drift  the  fastest.  On 
this  account  we  may  often  pretend  that  all  the  ions  in  the  gas  are 
stationary,  excepting  only  the  free  electrons;  and  I  shall  often  make 
this  pretence. 

Again:  the  fact  that  the  center  of  oscillation  of  each  ion  drifts 
(except  in  a  special  case,  presumably  very  rare)  suggests  that  even 
in  a  vacuum  it  is  impossible  to  confine  the  ions  to  any  restricted  part 
of  the  region  between  the  electrodes. 

Finally:  the  value  given  in  (4)  for  the  maximum  kinetic  energy  of 
the  ions,  with  the  particular  choice  of  zero  for  the  value  of  Vq,  may 
be  taken  as  an  indication  of  the  order  of  magnitude  of  the  energy 
which  an  ion  might  acquire  in  a  gas  not  so  dense  but  that  occasionally 
it  might  run  without  a  collision  for  a  time  as  long  as  the  duration  of 
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one  oscillation.  But  for  more  than  the  order-of-magnitude  we  should 
certainly  not  rely  on  it! 

Since  allowance  should  be  made  for  the  collisions  of  the  ions  with 
molecules  of  the  gas,  let  us  do  what  is  customary  in  physics:  rush  to 
the  extreme,  exaggerate  the  effect  instead  of  neglecting  it,  and  suppose 
that  collisions  are  so  frequent  that  their  net  influence  upon  a  wandering 
ion  amounts  to  a  force  of  the  type  called  "viscous"  or  "frictional" — 
a  force  proportional  and  oppositely  directed  to  the  velocity  of  the 
particle.  Into  the  equation  of  motion  we  introduce  a  new  term,  so 
that  it  takes  the  form: 

m{d^x/dt'^)  +  g{dx/dt)  =  eE  =  eEo  sin  nt  (5) 

g  standing  for  the  new  "coefficient  of  friction,"  and  n  being  written 
for  lirv  so  as  to  avoid  constant  repetition  of  the  factor  2x.  One 
integration  is  sufficient  to  bring  out  the  important  point;  we  obtain: 

dx  _          eg         „ me        dE  .  . 

dt       m^n^  +  g^  m^n^  -\-  ^  dt 

If  now  we  multiply  each  member  of  the  equation  by  Ne  —  N  standing 
for  the  number  of  ions  per  unit  volume — each  becomes  equal  to  the 
current-density  borne  by  ions  in  the  gas. 

Notice  now  an  important  thing  about  this  expression  for  current- 
density.  It  consists  of  two  terms,  one  of  which  is  proportional  to  the 
fieldstrength  E,  while  the  other  is  proportional  to  the  time-derivative 
of  the  fieldstrength — two  terms,  therefore,  of  which  one  is  in  phase 
with  E  and  the  other  in  quadrature  with  E.  The  first  we  may  set 
down  in  the  following  equation : 

Ne^g 
rn^n^  +  g^ 

and  we  may  apply  the  name  "conductivity"  to  the  coefficient  a. 
The  second  must  be  treated  differently.  By  itself  it  is  not  the  whole 
of  the  current-density  in  quadrature  with  the  fieldstrength;  there  is 
the  displacement-current  also  to  be  taken  into  account,  equal  to 
{l/4:ir){dEldt).  Then  we  must  write : 
Current-density  in  quadrature  with  fieldstrength 

47r  V  m}n^  +  g2  /  dt        47r   dt      ^^ 

and  we  may  apply  the  name  "dielectric  constant"  to  the  coefficient  e. 

Say  now  that  we  can  ionize  a  gas  abundantly,  as  for  instance  by 

maintaining   an   intense   direct-current   discharge   across   it   between 

auxiliary  electrodes;  and  that  we  can  apply  a  small  oscillating  voltage 


Current-density  in  phase  with  fieldstrength  =     2  2   f — 2  -^  ~  ^-^     (^) 
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transversely,  between  a  pair  of  electrodes  facing  one  another  like  the 
plates  of  a  condenser;  and  that  we  can  measure,  in  the  circuit  con- 
taining this  oscillating  voltage  and  these  condenser-plates,  the  compo- 
nents of  current  in  phase  and  in  quadrature  with  the  field — then  by 
equations  (7)  and  (8),  we  can  determine  N  and  g.  Or  if  we  can 
measure  either  component  by  itself,  and  N  in  some  independent  way, 
we  can  determine  g  and  test  the  equations  by  comparing  its  value 
with  one  derived  from  our  knowledge  of  the  flow  of  ions  through 
gases  in  a  steady  field.  I  will  describe  how  this  is  done,  after  giving 
equations  for  a  more  special  and  a  more  general  case. 

If  the  coefficient  g  is  very  large  compared  to  mn — we  shall  later 
see  that  this  is  the  same  as  saying :  if  an  ion  makes  very  many  collisions 
with  molecules  during  a  single  cycle  of  the  applied  field — the  compo- 
nent of  convection-current  in  quadrature  with  fieldstrength  almost 
vanishes.  The  ions  describe  simple-harmonic  vibrations  about  fixed 
centres  (there  is  no  possibility  of  a  steady  drift  of  the  centre  of  vibra- 
tion), the  velocity  being  in  phase  with  the  field;  the  amplitude  of 
vibration  is  easily  shown  to  be  given  by  this  expression : 

Amplitude  =  eEojlirvg  =  (jlEq/Itv.  (9) 

I  take  this  opportunity  of  mentioning  that  the  quantity  e/g,  the 
quotient  by  E  of  the  drift-speed  attained  by  the  ion  under  a  steady 
field  of  strength  E,  is  called  the  "mobility"  of  the  ion  at  the  pressure 
in  question,  and  is  denoted  by  /x. 

If  the  equation  of  motion  of  the  ion  includes  in  addition  to  the  two 
terms  in  the  left-hand  member  of  equation  (5)  a  third  termfx  (I  have 
written  it  out  with  this  additional  term  farther  along  in  the  article, 
as  equation  26),  the  expressions  for  the  current-components  in  phase 
and  in  quadrature  with  field  strength  involve  the  coefficient  /.  The 
formulae  for  a  and  e  become  the  following: 

Ne'g  -  -  1  -  47riVefm-(/M^)]^     ^^^^ 


[_if/n)  —  mn'J'  +  g^  Lif/^)  ~  fnnj^  +  g^ 

The  term  in  question  and  its  coefficient/ would  naturally  be  introduced 
if  we  were  dealing  with  bound  electrons,  but  it  seems  odd  to  postulate 
such  a  term  in  speaking  of  freely-moving  electrons  or  ions ;  nevertheless 
there  is  reason  to  do  so,  as  I  will  later  mention.^ 

When  a  gas  containing  free  electrons  is  traversed  by  electromagnetic 
waves,  there  is  at  every  point  an  oscillating  electric  field  having  the 
frequency  of  the  waves,  and  the  electrons  vibrate  according  to  the 

^  There  is  also  an  allowance  for  polarization  which  should  be  made  if  extreme 
accuracy  is  desired.     See  Appleton  &  Chapman,  I.e.  infra. 
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foregoing  laws.  The  waves  are  then  absorbed — that  is  to  say,  their 
amphtude  tails  off  exponentially  as  they  progress — and  their  phase- 
velocity  is  altered.  In  the  particular  case  in  which  g  and  therefore  a 
are  negligibly  small,  there  is  no  absorption,  and  the  phase-velocity  is 
altered  in  the  ratio  1  :  Ve — a  fact  which  is  described  by  saying  that 
the  index  of  refraction  of  the  electron-populated  gas  is  equal  to  Ve. 
Since  e  is  less  than  unity  according  to  equation  (8),  the  waves  go 
faster  than  they  would  if  there  were  no  free  electrons  roaming  the  gas. 
Formulae  for  index  of  refraction  and  absorption-coefficient,  in  the 
general  case  in  which  g  and  a  do  not  vanish,  are  given  further  along 
in  this  article  (equations  15,  16).  The  transmission  of  radio  waves 
through  the  atmosphere  of  the  earth,  in  which  free  electrons  are 
present  in  a  concentration  varying  greatly  with  altitude,  is  much 
affected  by  this  refraction. 

Experiments  on  Oscillation  of  Electrons  in  Ionized  Gases 
There  is  a  method  which,  in  principle,  is  adequate  for  measuring 
the  dielectric  constant  and  the  conductivity  of  an  ionized  gas  subjected 
to  high-frequency  vibrations;  adequate  therefore,  in  principle,  for 
testing  the  expressions  (7)  and  (8),  for  evaluating  the  quantities  g 
and  N  which  figure  in  those  expressions.  I  will  describe  the  method, 
first  in  the  form  in  which  it  was  applied  to  ionized  air  by  Szekely, 
with  results  which  are  of  some  interest  in  themselves  but  mainly 
serve  to  illustrate  how  great  a  gulf  intervenes  between  "adequate  in 
principle"  and  "adequate  in  practice." 

The  gas — air  at  some  pressure  of  the  order  of  a  few  hundredths  of 
a  millimeter  of  mercury — was  contained  in  a  long  tube,  having  elec- 
trodes near  its  ends  whereby  a  direct  current  could  be  passed  through 
the  tube,  maintaining  the  air  in  a  state  of  intense  ionization.  Inside 
the  tube  and  near  its  middle  were  a  pair  of  parallel  plane  electrodes, 
rectangular  in  shape  (18  by  42  mm.)  and  4.5  mm.  apart;  to  these 
the  high-frequency  voltage  was  applied ;  I  will  speak  of  them  hereafter 
as  "the  ionization-condenser."  When  the  direct  current  was  flowing, 
a  self-sustaining  glow-discharge  existed  in  the  tube,  and  the  ionization- 
condenser  was  submerged  in  the  negative  glow  thereof. 

The  ionization-condenser  was  shunted  by  an  adjustable  condenser 
outside  of  the  tube,  and  the  two  of  them  by  an  inductance  and  an 
adjustable  resistance;  all  this  constituted  a  circuit — I  will  call  it 
hereafter  the  "high-frequency  circuit" — coupled  at  one  place  to  a 
source  of  high-frequency  E.M.F.,  at  another  place  to  a  detector. 
With  such  an  arrangement,  when  one  varies  the  capacity  of  the 
adjustable    condenser    and    leaves    everything    else    unchanged,    the 
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current  in  the  circuit  (measured  by  the  detector)  passes  through  a 
maximum  at  a  certain  setting  of  the  capacity.  At  the  attainment  of 
this  maximum,  the  system  is  said  to  be  in  resonance. 

In  Szekely's  experiments,  the  adjustable  condenser  was  set  to 
produce  resonance  in  three  different  conditions:  in  case  (a)  the  ioni- 
zation-condenser  was  entirely  disconnected;  in  case  {h)  it  was  con- 
nected, but  there  was  no  direct-current  discharge  flowing  in  the  tube, 
and  the  air  was  not  ionized;  in  case  (c)  it  was  connected,  and  the  air 
was  ionized  by  the  direct-current  discharge.  The  values  Ca,  Cb,  Cc 
of  the  adjustable  capacity  were  measured  at  resonance  under  the 
three  conditions;  their  differences  give  the  values  of  the  capacity  of 

DETECTOR 
•  I 


xsmmm^ 

SOURCE   OF 
HIGH  FREQUENCY 

Fig.  2 — Illustrating  a  method  for  measuring  dielectric  constant  and  conductivity 
of  an  ionized  gas  (between  the  plates  of  the  "ionization-condenser")- 

the  ionization-condenser  (plus  that  of  its  leads,  which  apparently  is 
a  large  part  of  the  total)  when  the  gas  is  ionized  and  when  it  is  not. 
Out  of  these  data  one  may  calculate  the  dielectric  constant  of  the 
ionized  gas.  As  for  the  conductivity:  the  values  imb  and  imc  of  the 
high-frequency  current  at  resonance  are  different  in  cases  (b)  and  (c), 
smaller  in  the  latter.  After  measuring  imc,  one  may  return  to  condition 
(J) — shutting  off  the  direct-current  discharge — restore  the  resonance, 
and  reduce  imb  to  the  value  just  found  for  imc  by  adding  resistance  to 
the  circuit.  From  the  amount  p  of  added  resistance  which  is  necessary 
to  achieve  this,  one  may  calculate  the  resistance  between  the  con- 
denser-plates when  the  air  is  ionized;  and  thence — taking  account  of 
the  size  and  shape  of  the  plates  and  the  distance  between  them— 
the  conductivity  of  the  ion-populated  air. 

Everything  thus  is  apparently  provided  for  testing  the  expressions 
and  determining  the  constants  derived  from  the  theory  of  electrons 


588 


BELL  SYSTEM  TECHNICAL  JOURNAL 


oscillating  in  the  ionized  gas.  But,  the  results  of  the  experiments 
were  not  agreeable.  True,  in  one  important  respect  there  was  con- 
cordance with  theory.  Szekely  measured  the  resistance  of  the 
ionization-condenser  (or,  to  express  it  better,  the  resistance  of  the 
ionized  air  between  the  plates)  for  various  values  of  the  direct  current 
sustaining  the  ionization,  and  various  frequencies  ranging  from  one 
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Fig.  3 — High-frequency  resistance  of  ionized  rarefied  air,  plotted  against  square 
of  frequency.     (A.  Szekely;  Annalen  der  Physik.) 

to  five  millions.  Plotting  against  the  square  of  the  frequency  those 
values  of  resistance  which  belonged  to  one  and  the  same  strength  of 
direct  current,  she  obtained  ascending  straight  lines  (Fig.  3).  Now, 
this  agrees  with  the  equation  (7)  supplied  by  the  theory,  according 
to  which  the  reciprocal  of  the  conductivity  of  an  ionized  gas  is  a 
linear  ascending  function  of  frequency  squared,  if  N  be  constant; 
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but  the  values  computed  from  these  curves  for  N  and  g  are  not  very 
plausible,  as  I  will  later  stress.  What  is  much  more  serious:  the 
capacity  of  the  ionization-condenser  is  increased  by  ionizing  the  air; 
the  dielectric  constant  of  the  ionized  air  is  greater  than  unity,  instead 
of  less!  The  method  therefore,  adequate  as  it  seems  in  principle, 
suffers  from  some  defect  or  defects,  which  it  is  important  to  discover. 
One  of  these  defects  was  recognized  towards  1925  by  Appleton, 
who  in  previous  work  by  the  same  sort  of  method  had  obtained  the 
same  bothersome  result:  when  the  air  was  ionized,  the  capacity  of  the 
ionization-condenser  usually  went  up  instead  of  down  (although  he, 
and  van  der  Pol  before  him,  did  have  the  satisfaction  of  observing  a 
decline  of  the  capacity,  when  the  strength  of  the  direct  current  and 
hence  the  degree  of  ionization  were  relatively  low).  This  however 
he  explained  by  taking  into  account  the  space-charge  sheaths  of  positive 
ions  which  form  upon  plates  immersed  in  a  strongly-ionized  gas, 
or  for  that  matter  upon  the  walls  of  the  tube  containing  the  gas, 
if  they  are  allowed  to  assume  the  potential  which  they  naturally  seek.^ 

If  each  of  the  two  plates  of  the  ionization-condenser  is  overspread 
by  a  positive-ion  sheath  of  thickness  x  (x  being  less  than  half  the 
distance  d  between  the  two  plates,  otherwise  the  sheaths  would 
overlap)  the  system  behaves  not  like  a  single  condenser  but  like  two 
in  series.  The  capacity  of  each  of  the  two,  according  to  Appleton 
and  Childs,  varies  inversely  as  x;  their  formula  for  each  is  AK/Sttx, 
K  standing  for  what  they  define  as  "the  effective  dielectric  constant 
of  the  sheath"  and  A  for  the  area  of  the  plate;  it  differs  from  the 
customary  formula  for  the  capacity  of  a  plane  condenser — AK/Atx — 
because  of  the  distribution  of  charge  in  the  volume  between  the 
plate  and  the  outer  edge  of  the  sheath.  The  capacity  of  the  two  in 
series  is  AK/Gttx.  If  x  is  sufificiently  small,  this  will  be  considerably 
larger  than  the  capacity  A/^ird  of  the  ionization-condenser  as  it  was 
when  the  gas  was  not  yet  ionized ;  and  the  change  in  capacity  occurring 
when  ionization  is  started  will  consist  chiefly  of  the  substitution  of 
the  value  AK/Gtx,  for  the  value  Aj^ird — even  the  influence  of  the 
layer  of  ionized  gas  between  the  outer  surfaces  of  the  sheaths  will 
be  minor. 

If  these  ideas  are  correct,  then  when  x  is  small  the  change  of  capacity 
of  the  ionization-condenser  should  vary  inversely  as  x,  provided  we 
can  vary  x  without  altering  K.  Now  when  the  potential  V  of  the 
plates  relative  to  the  bulk  of  the  ionized  gas  is  varied,  and  the  intensity 
of  the  ionization  in  the  gas  remains  the  same,  the  thickness  of  the 
sheath   varies  as    V^'^  while  the  current-strength   across  it  remains 

^  "Electrical  Phenomena  in  Gases,"  pp.  355-371. 


590 


BELL  SYSTEM  TECHNICAL   JOURNAL 


unchanged.*  If  K  remains  the  same,  then  the  increment  of  capacity 
due  to  the  ionization  should  vary  as  F''*;  its  logarithm  should  be  a 
linear  function  of  the  logarithm  of  V,  the  line  having  slope  —  3/4. 
This  inference  was  tested  by  Appleton  and  Childs,  with  the  favorable 
result  displayed  in  Fig.  4. 

The  space-charge  sheaths  thus  furnish  an  explanation  for  the 
unexpected  sign  of  the  change  in  capacity  occurring  when  the  gas  is 
suddenly  filled  with  ions — an  explanation  releasing  us  from  having 
to  assume  that  the  dielectric  constant  of  the  gas  rises  above  unity, 
in  contradiction  to  the  simple  theory. 


V>-  0 


1.50 


Fig.  4 — Alteration  in  capacity  of  a  stratum  of  ionized  gas,  ascribed  to  the  for- 
mation of  positive-ion  space-charge-sheaths  along  the  surfaces  of  the  electrodes 
bounding  the  stratum.  The  slope  of  the  line  is  —  ^i.  (E.  V.  Appleton  &  E.  C. 
Childs;  Philosophical  Magazine.) 

Could   the   sheaths   be  eliminated?     If   x  is   allowed   to   increase 

indefinitely,  several  things  happen;  in  particular,  the  assumption  that 

the  thickness  varies  as  F^'*  and  the  assumption  that  K/Gtx  is  much 

larger  than   l/Awd  depart  further  and  further  from  the  truth,  and 

"  "Electrical  Phenomena  in  Gases,"  equation  (182),  page  360.  The  equation  is 
the  familiar  "three-halves-power  equation,"  which  derives  its  usual  name  from  the 
relation  between  voltage  and  current-density  with  which  we  are  not  here  concerned. 
It  is  valid  only  if  the  ions  mostly  cross  the  sheath  without  collisions,  an  important 
restriction. 
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when  X  passes  d/2  the  sheaths  overlap  and  the  conditions  change 
entirely.  Other  things  being  equal,  x  increases  as  the  number  of  ions 
per  unit  volume  of  the  gas  outside  the  sheath  decreases;  and  it  is 
actually  found  that  as  the  direct  current  maintaining  the  ionization  is 
reduced,  the  increase  of  capacity  due  to  the  ionization  is  also  reduced, 
passes  through  zero,  and  becomes  a  diminution  as  the  simple  theory 
indicates. 

One  might  on  the  other  hand  get  rid  of  the  sheaths  altogether,  by 
adjusting  the  (mean)  potential  of  the  plates  to  so  low  a  value  that 
X  vanishes,  instead  of  leaving  it  to  seek  its  own  level.  This  has 
recently  been  done  by  Childs,  though  for  some  reason  he  chose  to 
study  not  the  dielectric  constant,  but  the  conductivity  of  the  ionized 
air.  A  galvanometer  w-as  coupled  into  the  high-frequency  circuit, 
which  was  tuned  to  resonance  when  the  mean  potential  of  the  plates 
had  been  so  adjusted  that  the  visible  sheaths  had  just  vanished. 
The  reading  of  the  galvanometer  was  taken;  the  current  maintaining 
the  ionization  (it  was  300-cycle  A.C.,  instead  of  D.C.)  was  discon- 
tinued, and  various  high  resistances  were  connected  in  parallel  with 
the  condenser  plates,  until  the  galvanometer  resumed  its  former 
reading;  the  value  of  resistance  then  existing  was  taken  as  that  of  the 
ionized  air  between  the  condenser-plates.  The  edge-correction  of  the 
condenser  was  determined  by  filling  the  tube  with  alcohol  of  known 
conductivity;  it  was  found  that  the  conductance  of  the  condenser  had 
to  be  multiplied  by  0.57  to  be  converted  into  conductivity  of  the 
medium  between  the  plates.  The  values  of  conductivity  (I  will 
presently  state  the  conditions  more  precisely)  were  of  the  order  of 
10-1^  E.M.U. 

A  value  of  conductivity  by  itself,  obtained  at  a  single  frequency, 
is  theoretically  the  value  of  a  combination  of  N  and  g;  to  determine 
either,  without  the  aid  of  a  simultaneous  measurement  of  dielectric 
constant,  one  must  have  an  independent  value  of  the  other.  Childs 
evaluated  N  by  the  Langmuir  probe-method.^  Working  with  air  at 
1  mm.  pressure  and  a  frequency  about  one  million,  for  three  values 
of  the  300-cycle  A.C.  maintaining  the  ionization  (5  ma.,  10  ma., 
15  ma.)  he  obtained  three  values  of  the  electron-concentration  N 
(they  were  9.6,  24  and  36  times  10'^  per  cc),  and  substituted  them, 
not  into  the  general  equation  (7)  for  a,  but  into  an  approximate  form 
thereof : 

<T=Ne'/g,  (11) 

believing  g  to  be  so  large  that  mn  is  small  by  comparison.     The 
values  of  g  thus  obtained  w^ere  2.5,  3.1  and  2.5  times  10~^^     Despite 
*  "Electrical  Phenomena  in  Gases,"  pp.  351-352. 
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the  large  differences  between  the  values  of  N,  those  of  g  show  no 
trend,  which  is  as  it  should  be. 

Another  way  of  determining  g  without  bothering  about  N  has  just 
been  carried  into  effect  by  Appleton  and  Chapman.  Returning  to 
equation  (7) :  one  readily  sees  that,  if  it  be  possible  to  vary  g  without 
altering  N,  the  conductivity  should  pass  through  a  maximum  when 
g  =  mn.  Now  according  to  the  simple  interpretation  the  coefficient  g, 
being  the  measure  of  a  sort  of  friction  which  the  electrons  suffer  when 
travelling  through  a  gas,  should  increase  with  the  pressure.  If 
therefore  one  can  vary  the  pressure  of  the  gas  sufficiently  while 
applying  the  same  high  frequency,  and  maintaining  the  same  degree 
of  ionization,  one  should  find  the  conductivity  passing  through  a 
maximum.  Moreover,  anything  proportional  to  the  conductivity  of 
the  gas  should  pass  through  a  maximum,  anything  inversely  pro- 
portional to  the  conductivity  should  pass  through  a  minimum.  This 
conveniently  makes  it  unnecessary  to  measure  the  conductivity  (or 
anything  else)  absolutely;  it  is  sufficient  to  choose  something  which 
varies  (say)  inversely  with  conductivity,  plot  it  as  function  of  pressure, 
and  locate  the  minimum  of  the  curve.  For  the  pressure  corresponding 
to  this  minimum,  the  value  of  g  is  equal  to  the  product  of  the  mass 
of  the  electron  by  the  applied  frequency. 


© 
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Pig_  5 — Illustrating  another  scheme  for  estimating  the  dielectric  constant  and 
conductivity  of  an  ionized  gas  (in  the  tube  between  the  plates  K),  with  Lecher  wires 
and  movable  bridge  P  replacing  the  adjustable  condenser  of  Fig.  1.  (E.  V.  Appleton 
&  F.  W.  Chapman;  Proc.  Phys.  Soc.  London.) 

The  apparatus  and  the  circuit  of  Appleton  and  Chapman  are  shown 
in  Fig.  5;  as  one  notices,  the  plates  of  the  ionization-condenser  are 
now  outside  the  tube  and  the  ionized  gas,  and  the  high-frequency 
circuit  now  comprises  long  parallel  wires,  known  (after  the  man  who 
first  used  them  as  portions  of  high-frequency  circuits)  as  Lecher  wires. 
The  current  through  the  galvanometer  to  the  left  (shunted  by  a 
galena  detector)  is  the  measured  quantity;  the  change  which  occurs 
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in  the  reading  of  the  galvanometer,  when  the  discharge  and  the 
ionization  commence  in  the  tube  (resonance  being  restored  in  the 
circuit,  by  shifting  the  "bridge"  across  the  wires),  is  the  quantity 
which  supposedly  varies  inversely  as  conductivity.  In  the  curves  of 
Fig.  6,  one  sees  the  minima.  Such  curves  were  plotted  for  four 
frequencies — 340,  500,  550  and  625  millions — and  the  maxima  occurred 
at  the  pressures  0.08,  0.11,  0.12  and  0.15  mm.  Hg.  The  values  of  mn 
corresponding  were  1.9,  2.8,  3.1  and  3.5  times  lO-^^;  these  by  the 
theory  are  the  values  of  g  for  the  corresponding  pressures.  They 
are  roughly  proportional  to  the  pressure,  as  they  should  be.     (Inci- 
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Fig.  6 — Evidence  of  a  maximum  of  conductivity  occurring  when  the  frequency  is  re- 
lated in  a  particular  way  to  the  frictional  coefficient  g.     (Appleton  &  Chapman.) 

dentally,  the  resonance-frequency  of  the  system  was  shifted,  when  the 
ionization  commenced,  in  the  proper  sense — the  sense  corresponding 
to  a  dropping  of  the  dielectric  constant  below  unity.) 

Before  considering  further  data,  let  us  compare  these  values  of  g 
with  those  deduced  from  observation  (or  theory)  of  electrons  drifting 
through  the  same  or  a  similar  gas  under  a  constant  field.  In  such  a 
condition,  they  attain  a  "terminal  drift-speed"  u  given  by  the  equa- 
tion, 

gu  =  eF,  (12) 
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F  standing  for  the  fieldstrength.  Despite  the  aspect  of  the  equation, 
u  is  not  proportional  to  F\  the  coefficient  g  must  be  regarded  as  a 
function  of  F  (over  wide  ranges  of  fieldstrength  it  is  proportional 
to  the  square  root  thereof).  Though  this  is  a  fact  of  experience, 
it  will  be  helpful  to  develop  the  theory  to  some  extent. 

Picture  the  drifting  of  electrons  through  a  gas  in  the  customary 
(though  far  too  primitive)  way.  Imagine  the  gas  as  a  congregation 
of  elastic  spheres,  with  which  the  electrons  make  elastic  impacts. 
When  these  latter  enter  the  region  where  the  constant  and  uniform 
field  is  applied,  they  are  speeded  up  in  the  direction  of  the  field; 
but  owing  to  the  deflections  and  the  losses  of  energy  which  they 
suffer  at  their  impacts,  their  velocities  become  and  remain  almost 
isotropic,  and  their  average  energy  approaches  but  does  not  surpass  a 
certain  limiting  value  determined  by  the  fieldstrength.  After  they 
have  progressed  sufficiently  far,  they  form  an  "electron-gas"  mingled 
with  the  atoms  of  the  material  gas;  this  electron-gas  drifts  slowly 
along  towards  the  positive  electrode,  but  its  individual  corpuscles 
have  (as  a  rule)  random  velocities  tremendously  in  excess  of  that 
comparatively  modest  drift-speed,  just  as  the  molecules  of  the  air 
have  random  velocities  many  times  greater  than  the  speed  of  the 
wind.  Let  me  denote  the  drift-speed  by  u,  the  mean  speed  of  the 
random  motions  of  the  electrons  by  co.  Now  it  may  easily  be  shown  ^ 
that  if  the  simple  picture  of  the  molecules  as  big  elastic  spheres  and 
the  electrons  as  little  ones  is  acceptable,  m  and  co  and  the  mean-free- 
path  of  the  electrons  /  are  related  by  the  equation : 

u  =  deEl/nio},  (13) 

6  here  standing  for  a  numerical  factor  not  very  different  from  unity, 
the  exact  value  of  which  depends  on  the  underlying  assumptions  made 
in  the  statistical  analysis  of  the  motions  of  molecules  and  electrons. 
The  value  0.8  for  6  is  probably  as  good  as  any,  but  it  would  be  pointless 
to  spend  time  deciding  between  different  values,  since  the  molecules 
cannot  be  represented  exactly  as  elastic  spheres,  and  the  degree  of 
their  deviation  from  this  simple  model  would  affect  the  quantity  6. 
Now  comparing  the  last  two  equations,  we  find : 

g  =  mco/dl 
=  m/dr  =  mZ/d,  (14) 

T   and   Z  here  representing  respectively   the  mean   duration   of   the 
free  flight  of  an  electron  between  consecutive  impacts,  and  the  number 
of  impacts  made  by  an  electron  in  unit  time.     (I  introduce  these 
*  "Electrical  Phenomena  in  Gases,"  pp.  174-175. 
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symbols  because  they  are  used  in  some  of  the  original  articles,  not 
because  they  add  anything  to  the  fundamental  ideas.) 

The  value  of  co  may  be  determined  by  the  Langmuir  probe-method; 
values  for  /,  the  mean-free-path  of  the  electrons,  are  supplied  by 
various  methods  of  "varying  reliability.  Childs,  in  his  experiment 
which  I  have  quoted,  obtained  with  the  probe  the  three  values  1.3, 
1.5,  1.7  times  10^  (cm. /sec)  for  w,  these  corresponding  to  the  three 
cited  values  of  the  current  maintaining  the  ionization;  combining 
these  with  estimates  ^  of  /,  he  obtained  for  mco//  the  values  3.2,  3.8, 
4.3-10-^8.  Comparing  these  with  the  values  found  for  g,  and  re- 
membering the  manifold  chances  of  faults  in  the  assumptions,  one  is 
favorably  impressed  with  the  agreement. 

Could  we  not  evaluate  g  directly,  by  measuring  the  drift-speed  u 
of  the  electrons  exposed  to  a  certain  constant  fieldstrength  F,  and 
forming  the  ratio  of  eF  to  n  to  which,  according  to  equation  (12), 
g  is  equal?  Here  we  must  be  careful.  According  to  equation  (13), 
g  depends  on  the  vivacity  of  the  random  motions  of  the  molecules, 
whereof  co  is  the  mean  speed;  now,  co  depends  on  the  fieldstrength; 
we  must  select  such  a  value  of  F,  that  the  random  agitation  of  the 
electrons  shall  be  the  same  as  it  is  in  the  actual  gas  on  w^hich  the 
high-frequency  field  is  imposed.  Now  this  actual  gas  is  subjected  to 
a  constant  field,  that  which  maintains  the  ionization.  It  is  natural 
and  simple  to  assume,  that  this  field  controls  the  value  of  co,  the 
effect  of  the  high-frequency  field  on  the  mean  speed  of  random  agitation 
of  the  electrons  being  presumably  slight.  The  measurement  of  the 
drift-speed  should  therefore  be  made  in  the  very  gas  under  the  very 
same  constant  field,  in  w^hich  the  high-frequency  phenomena  are 
observed. 

Let  me  denote  by  i  the  steady  current  along  the  length  of  the  tube, 
due  to  the  constant  field;  by  A^,  the  number  of  electrons  per  unit 
volume;  by  u,  their  drift-speed;  by  A,  the  cross-sectional  area  of  the 
tube.  It  can  then  be  readily  seen  that  i  is  equal  to  NeuA}  The 
method  is  consequently  simple  in  principle;  in  practice,  the  chief 
difficulty  apparently  is  that  N  is  not  the  same  near  the  w^alls  of  the 
tube  as  along  its  axis,  so  that  probe-measurements  should  be  made  at 
a  number  of  distances  from  the  axis  and  the  results  averaged.  Apple- 
ton  and  Chapman  determined  iV  at  a  single  point  of  the  tube;  the 
value  of  the  ratio  eFju  came  out  equal  to  2.3- 10"^* — again,  a  remark- 

7  Apparently  he  multiplied  by  4V2  the  value  of  the  mean-free-path  of  molecules 
of  nitrogen,  this  being  the  simple  gas  presumably  most  like  air;  at  any  rate  he  used 
the  value  .036  cm. 

^Electrical  Phenomena  in  Gases,  p.  207,  pp.  232-233;  on  the  two  latter  pages  I 
describe  Killian's  application  of  the  method  to  mercury  vapor. 
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able  agreement  with  the  values  deduced  from   the  high-frequency 
phenomena !  ^ 

(It  is  rather  surprising  to  realize  that  in  such  discharges,  we  must 
not  conceive  the  electrons  as  moving  with  a  steady  velocity  along  the 
axis  of  the  tube,  on  which  a  sinusoidal  oscillation  parallel  to  the  field 
is  superposed.  If  we  could  follow  the  wanderings  of  an  individual 
electron,  the  sinusoidal  oscillation  would  be  as  little  obvious  as  the 
steady  drift.  Only  the  rapid  zigzag  motions  of  the  corpuscles  would 
be  conspicuous;  what  I  have  been  calling  a  vibratory  motion  is,  in 
truth,  only  a  slight  bias  of  these  random  flights,  just  as  the  apparent 
steady  drift  is  itself  a  slight  bias.) 

Another  experiment,  capable  in  principle  of  testing  the  expressions 
for  dielectric  constant  and  conductivity  and  of  giving  the  values  of  N 
and  g,  consists  in  sending  electromagnetic  waves  of  the  frequency 
desired  across  a  stratum  of  ionized  gas,  and  measuring  their  index  of 
refraction  and  their  absorption  in  the  stratum.  The  former  of  these 
two  has  not,  so  far  as  I  know,  been  measured;  but  apparatus  for 
determining  the  second  (it  is  that  of  Hasselbeck's  experiment)  is 
shown  in  Fig.  7 :  one  sees  the  parafifin  lenses  which  convert  a  diverging 
beam  of  Hertzian  waves  into  a  parallel  beam  which  is  sent  through 
the  ionized  gas,  and  others  which  reconvert  the  parallel  beam  into 
one  which  converges  upon  a  bolometer.  Part  of  the  beam  is  reflected 
from  a  semi-transparent  mirror  onto  another  bolometer,  so  that  the 
ratio  of  the  intensities  of  the  waves  before  and  after  the  passage 
through  the  gas  can  be  determined  without  regard  to  fluctuations. 

The  formulae  for  refractive  index  Wo  (I  add  the  subscript  because 
of  having  already  used  n,  the  conventional  symbol,  for  another 
purpose)  and  absorption-coefficient  k  are  familiar  to  everyone  who 
has  studied  the  theory  of  absorption  and  reflection  of  light  by  metals, 
for  in  the  classical  theory  of  metals  such  a  substance  is  conceived 
exactly  as  we  are  now  conceiving  an  electron-populated  gas.  We 
have:  ^^ 

Wo'  -  k^  =  e,         nok  =  iTa/n,  (15) 

and  putting  for  e  and  a  the  expressions  (7,  8),  we  get: 

solving  which  equations  for  k,  and  putting  m/er  for  g  (according  to 
equation  14)  and  wi'  for  the  combination  AirNe^/m  (we  shall  meet  it 

9  Similar  observations  by  Jonescu  and  Mihul  on  air  and  on  hydrogen,  subjected 
in  some  cases  to  magnetic  field,  have  recently  been  published,  but  with  scant  detail. 

"See  for  instance  P.  Drude,  "Treatise  on  Optics"  (page  361  of  the  English 
translation). 
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later  in  another  meaning),  and  a  for  the  ratio  «i/w,  we  obtain: 

k'  =  on  J  2.2  2^  {V[l+w'0V(l  -  a')J -i- n-'eh'a' 
2(1  +  n^d^T^) 

+  [I  +n20V(l  -  a^)]}.      (17) 

By  measuring  k  with  waves  of  a  single  frequency,  and  measuring  in 
addition  either  of  the  two  quantities  N  and  g,  it  is  possible  to  evaluate 
the  other  of  the  two  by  means  of  this  equation ;  provided  the  equation 
is  correct,  a  presumption  which  should  be  tested  by  making  the 
measurements  at  several  different  frequencies. 


Fig.  7 — ^Apparatus  for  measuring  the  absorption  of  Hertzian  waves  by  ionized 
gas.  S,  source  of  waves;  G,  semitransparent  mirror;  Ei,  £2,  receivers;  A,  F,  anode 
and  cathode  of  ionizing  discharge;  L,  wire  probe.  (W.  Hasselbeck;  Annalen  der 
Physik.) 

Danzer  sent  4-cm.  waves  (of  frequency  7.5- 10^)through  a  stratum 
of  neon-helium  mixture  excited  by  a  low-frequency  discharge;  measured 
the  absorption,  and  measured  also  g  by  the  method  later  employed 
by  Appleton  and  Chapman.  For  N  he  then  computed  the  value 
1.3- 10^2  (electrons  per  cc.) — a  value  of  which,  in  the  lack  of  further 
knowledge  concerning  electrons  in  this  gas  (he  does  not  even  state 
the  pressure)  one  can  only  say  that  it  is  probably  of  the  right  order 
of  magnitude.  Much  more  extensive  was  the  work  of  Hasselbeck, 
who  used  various  frequencies  ranging  from  4.8  to  1.44  times  10^ 
and  introduced  a  probe  into  the  gas  in  order  to  measure  N  and  the 
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mean  speed  co  of  the  electrons  by  Langmuir's  method — it  was  a  wire 
stretching  clear  across  the  globular  tube,  being  made  of  this  form  so 
that  it  might  give  average  values  appropriate  to  the  whole  of  the 
discharge.  The  best  of  his  data  refer  to  neon-helium  mixture  at 
various  pressures  of  the  order  of  a  few  tenths  of  a  millimeter;  there 
are  data  also  for  argon  and  nitrogen. 

From  equation  (16),  k  should  be  proportional  to  A^"  so  long  as  Wo 
does  not  depart  too  much  from  1  and  other  things  remain  unchanged. 
Hasselbeck  varied  N  by  varying  the  current  maintaining  the  ionization, 
measured  it  with  the  probe  and  measured  the  absorption.  So  long 
as  the  pressure  of  the  gas  was  below  a  certain  value,  of  slightly  over 
0.1  mm.  Hg,  the  curves  of  ^  vs  iV  were  indeed  straight  lines  rising  from 
the  origin  (Fig.  8),  though  at  higher  pressures  they  were  concave- 
upward.     As  for  the  curves  of  absorption  vs  frequency,  some  display 
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Fig.  8 — Showing  the  proportionality  of  absorption  of  Hertzian  waves  to  number 
of  free  electrons  per  cc.  of  absorbing  gas  (neon-helium  mixture,  pressure  0.18  mm. 
Hg).     (W.  Hasselbeck;  Annalen  der  Physik.) 

maxima  in  the  range  over  which  they  are  plotted,  some  do  not;  but  it 
is  possible  to  suppose  that  each  is  characterized  by  a  single  maximum, 
which  moves  toward  higher  frequencies  when  the  pressure  or  the 
ionization  is  augmented,  and  in  some  of  Hasselbeck's  experiments 
happened  to  be  out  of  the  range. 

The  comparison  of  the  absorption-z;5. -frequency  curves  with  so 
complicated  an  expression  as  that  of  equation  (17)  is  no  simple  matter, 
nor  is  Hasselbeck's  description  of  his  procedure  entirely  clear.  It 
appears,  however,  that  the  curves  obtained  in  neon-helium  mixture 
at  a  pressure  of  0.87  mm.  Hg  depart  but  little  from  the  form  of  the 
expression  on  the  right  of  (17),  and  that  what  departure  there  is 
may  not  be  significant.     However  the  curves  obtained  at  the  much 
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higher  pressure  of  21  mm.  Hg  differ  very  seriously  from  the  theoretical 
form. 

Reverting  to  the  question  of  testing  equation  (8)  for  the  dielectric 
constant,  that  is,  for  the  current  in  quadrature  with  the  voltage: 
one  might  try  the  test  with  a  gas-free  space,  populated  by  electrons 
derived  from  a  hot  filament  or  from  some  other  source.  This  in  fact 
has  been  tried,  the  electrons  being  shot  across  the  interspace  between 
the  plates  of  the  "ionization-condenser,"  in  directions  nearly  parallel 
to  the  plane  of  these  plates;  from  the  (controllable)  speed  of  these 
electrons,  and  from  the  charge  which  they  bear  per  unit  time  to  a 
collector  located  beyond  the  condenser,  one  may  estimate  the  number- 
per-unit-volume  heretofore  denoted  by  N. 

Since  the  density  of  the  gas  may  easily  be  made  so  low  that  few 
electrons  collide  with  even  one  atom  between  the  condenser-plates, 
one  expects  the  coefficient  g  to  vanish.  Strictly  speaking,  it  does; 
and  yet  there  is  in  effect  a  component  of  current  in  phase  with  voltage. 
The  electrons,  being  pulled  aside  by  the  transverse  high-frequency 
field  as  they  traverse  the  condenser,  acquire  kinetic  energy;  and  this 
absorption  of  energy  from  the  high-frequency  circuit  produces  the 
same  reaction,  and  is  measured  in  the  same  way,  as  an  ordinary 
conductance.  Benner,  who  developed  these  ideas,  derived  (.with 
certain  simplifying  assumptions)  these  expressions  for  the  coefficients 
e  and  a  of  a  cloud  of  streaming  electrons  which  individually  take  the 
time  T  to  cross  the  condenser : 

e=l-47r- — ^     1 ^^     .         0"  =  — ^(1-coswr),     (18) 

and  they  have  been  tested  with  satisfactory  results  by  Jonescu  and 
Mihul. 

We  turn  now  to  the  possibility  for  which  preparation  was  made  in 
equations  (10);  that  an  electron  in  an  ionized  gas  may  experience, 
in  addition  to  the  force  due  to  the  applied  field  (eE)  and  the  quasi 
frictional  force  due  to  the  gas  (gx)  yet  a  third  force  proportional  to 
its  distance  from  some  fixed  point.  One  is  accustomed  to  postulate 
this  last  for  electrons  bound  to  molecules  or  atoms.  (Such  electrons, 
by  the  way,  contribute  to  the  current-component  in  quadrature  with 
field  strength,  so  that  the  dielectric  constant  of  a  gas  in  absence  of 
ionization  is  not  quite  unity  as  I  have  been  writing).  But  to  imagine 
such  a  force  acting  on  free  electrons  must  seem  strange — as  if  one 
were  denying  them  the  quality  of  freedom.  Still,  for  a  cloud  of 
electrons  mingled  with  positive  ions  there  is  such  a  force,  and  therefore 
a  "natural  frequency";  and  another  natural  frequency  in  addition, 
if  there  happens  to  be  a  magnetic  field. 


N'.^,  =  iV  (  1  -  ^.  )  .  (19) 
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Considering  the  former  first:  suppose  that  initially  we  have  a 
uniform  distribution  of  electrons,  A^  per  unit  volume;  and  that  at  a 
certain  moment  it  is  suddenly  distorted,  by  shifting  every  particle  a 
distance  ^  parallel  to  the  .r-direction,  this  distance  being  a  function 
of  the  original  position  x  of  the  particle.  Fix  attention  on  a  column 
of  unit  cross-section;  initially,  between  two  planes  x  and  x  +  dx, 
there  were  Ndx  electrons;  they  suddenly  move  over  and  occupy  the 
space  between  the  planes  nc  +  ^  and  x  +  dx  -\-  ^  +  {d^/dx)dx,  so  that 
the  density  between  these  two  planes,  or  let  me  say  the  number  of 
electrons  per  unit  volume  at  jc  +  ?.  is  given  by  the  formula: 

d^ 
dx 

We  now  introduce  Poisson's  relation  between  net  density  p  of 
electric  charge  and  space-derivatives  of  field  strength.  As  by  assump- 
tion all  shifts  of  electrons  are  parallel  to  the  ^---direction,  so  also  is  the 
field-vector;  we  put  X  for  its  magnitude,  and  write  Poisson's  equation 

thus: 

dX/dx  =  47rp.  (20) 

If  the  electrons  were  the  only  charged  particles,  we  should  have  to 
put  N'e  for  p;  and  there  would  be  a  field  of  strength  different  from 
zero  and  varying  from  place  to  place,  even  w^hen  the  distribution  of 
the  electrons  was  uniform.  If  however  there  is  also  a  uniform  distribu- 
tion of  positive  ions,  N  per  unit  volume,  and  this  is  not  affected  when 
that  of  the  electrons  becomes  non-uniform,  then  for  p  we  need  set 
only  the  second  term  on  the  right-hand  side  of  (19),  multiplied  by  e; 
we  get 

dX/dx  =  -  4TrNe{d^/dx),  (21) 

and  integrating,  with  the  boundary-condition  ^^  X  =  0  at  ^  =  0, 

X  =  -  AirNe^,  (22) 

so  that  an  electron  shifted  from  its  original  location,  by  virtue  of 
such  a  mass-distortion  of  the  formerly  uniform  distribution,  is  indeed 
subjected  to  a  restoring  force  proportionate  to  its  shift. 
Putting  m{(P^ldf)le  lor  A'  in  equation  (22),  we  get: 

d'^ldt''  =  -  (47rAV/w)^  =  -  «i'^.  -(23) 

showing  that  there  is  a  tendency  to  oscillations — "plasma-electron 
oscillations,"  as  Tonks  and  Langmuir  call  them — of  frequency  vi 
thus  given:  

J.J  =  njlir  =  ylNe^wm  =  8980ViV.  (24) 

"  This  seems  to  be  demanded  by  symmetry  if  ^  Is  a  sinusoidal  function  of  x: 
otherwise  the  case  is  more  obscure. 


CONTEMPORARY  ADVANCES   IN  PHYSICS  601 

This  expression  is  strictly  valid  only  when  the  gas  does  not  interfere 
at  all  with  the  motion  of  the  electrons;  otherwise  the  frequency  is 
reduced,  in  the  same  way  as  the  natural  frequency  of  a  pendulum  or  a 
circuit  is  lowered  by  damping.  The  equation  of  motion  of  the  electrons 
in  a  high-frequency  field  is  as  follows: 

m(d^x/dt'')  +  gidx/dt)  +  fx  =  eE  sin  nt;        f  =  ^irNeK     (25) 

The  solution  has  already  been  indicated  (equations  10). 

Attempts  to  discover  this  natural  frequency  have  been  made  in 
two  ways:  by  examining  curves  of  tr  or  e  or  other  correlated  quantities 
plotted  against  frequency  or  against  degree  of  ionization,  and  by 
searching  for  electromagnetic  waves  due  to  oscillations  arising  of 
themselves  in  highly-ionized  gases. 

The  most  thorough  experiments  by  the  former  way  are  due  to 
Tonks.  He  placed  a  tube  containing  a  mercury  arc  between  condenser- 
plates  attached  to  long  parallel  wires,  these  being  crossed  by  a  movable 
bridge  including  a  thermocouple,  and  coupled  to  an  oscillating  circuit. 
After  establishing  fixed  values  of  the  frequency  and  the  current- 
strength  in  the  latter  circuit,  he  shifted  the  bridge  until  the  thermo- 
couple reported  a  maximum  of  current,  and  measured  this  maximum 
value;  it  and  the  shift  of  the  bridge  (the  zero  from  which  this  latter  is 
measured  is  unimportant)  were  plotted  as  functions  of  the  current- 
strength  in  the  mercury  arc,  which  controls  the  number  of  free  electrons 
per  cc.  A  natural  frequency  is  indicated  by  a  minimum  in  the  former 
of  the  curves,  and  in  the  latter  curve  a  peculiar  crinkle,  similar  to  that 
which  appears  in  a  dispersion-curve  in  the  neighborhood  of  an  ab- 
sorption-frequency, and  in  the  curve  with  black  dots  in  Fig.  9. 

Embarrassingly  it  turned  out  that  there  were  two,  and  indeed 
sometimes  three,  minima  in  the  one  curve  and  crinkles  in  the  other. 
To  these  the  corresponding  values  of  N  were  correlated,  being  obtained 
by  the  Langmuir  probe-method.  The  comparison  with  theory  may 
then  be  made  in  either  of  two  ways:  by  putting  the  value  of  the 
applied  high  frequency  into  equation  (24),  computing  N,  and  com- 
paring it  with  the  observed  values  of  TV  at  the  minima;  or  alternatively, 
by  putting  the  observed  values  of  N  into  equation  (24),  computing  fi, 
and  comparing  its  values  with  that  of  the  applied  frequency  v.  As  an 
example  of  the  result  of  the  first  procedure:  in  one  experiment,  the 
applied  frequency  was  1.59- 10^  this  should  coincide  with  the  plasma- 
electron  frequency,  resonance  should  occur,  when  A^=  0.63-10^ 
electrons  per  cc;  the  values  of  A"  at  the  two  minima  which  were 
observed  were  0.27  and  0.86  times  10^  The  latter  is  illustrated  by  a 
graph  in  Tonks'  article;  it  turns  out  that  when  the  comparison  is 
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made  at  various  frequencies  between  1.59- 10^  and  3.66-10*,  the 
curves  of  v\  vs.  N  agree  only  fairly  with  those  of  v  vs.  N;  where  vi 
varies  as  the  square  root  of  N,  v  varies  as  the  powers  0.42  and  0.45 
for  the  two  minima  regularly  appearing. 

Another  instance  of  a  crinkle  in  a  curve  of  the  second  type  aforesaid 
— a  curve  in  which  the  shift  ot  the  bridge  across  the  Lecher  wires, 
necessary  to  restore  resonance  in  the  circuit  which  includes  the 
ionization-condenser,  is  plotted  against  N  or  something  varying  with 
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Fig.  9^Illustrating  variation  of  dielectric  constant  (curve  with  full  circles)  and 
conductance  (curve  with  hollow  circles)  of  ionized  gas  in  the  neighborhood  of  a 
natural  frequency,  here  due  to  a  constant  magnetic  field.  (S.  Benner;  Naturwis- 
senschaften.) 

N — has  been  published  by  Appleton  and  Chapman.  It  refers  to 
ionized  air;  the  applied  frequency  is  3. 75- 10^  the  value  of  iV  is  1.62  •10^ 
and  these  two  stand  to  one  another  in  substantially  the  relation  of 
equation  (24).  Yet  other  instances  have  been  published  by  H. 
Gutton,  and  these  offer  difficulties. 

Gutton  in  his  later  work  (with  ionized  hydrogen  at  the  low  pressure 
of  0.0004  mm.  Hg)  followed  the  method  which  I  have  just  described, 
measuring  the  shift  y  of  the  Lecher  bridge  required  to  restore  resonance, 
and   the   mean-square   current    P   traversing    the    Lecher   bridge   at 
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resonance.  He  did  not  measure  A^,  but  something  probably  (though 
not  certainly)  proportional  to  A^,  the  factor  of  proportionality  not 
known:  the  direct  current  i  flowing  across  the  gas  between  two  probes 
inserted  on  opposite  sides  of  the  tube  and  maintained  at  a  constant 
P.D.  Plotting  y  and  P  against  i,  he  observed  a  crinkle  in  the  former 
curve,  a  minimum  in  the  latter — evidence  of  a  natural  frequency  at  a 
particular  value  of  electron-concentration. 

In  his  earlier  work  (which  I  mention  because  the  curves  are  often 
reproduced)  Gutton  connected  the  plates  of  the  ionization-condenser 
to  one  another  through  a  thermocouple,  and  to  this  circuit  coupled 
an  oscillator  of  which  the  frequency  could  be  varied.  For  each  of  a 
number  of  values  of  the  ionizing-current  in  the  discharge-tube  he 
varied  the  frequency  until  resonance  was  declared  by  a  maximum  of 
the  mean  square  of  the  current  in  the  thermocouple;  he  measured 
this  maximum  P  and  the  wave-length  X  of  the  oscillations.  Not 
having  any  quantitative  measure  of  the  ionization  against  which  to 
plot  P  and  X,  he  plotted  one  against  the  other — P  as  ordinate,  X  as 
abscissa — and  obtained  curves  of  the  curious  appearance  shown  in 
Fig.  10,  in  which  the  arrow  indicates  the  sense  in  which  the  ionization 
increases  along  each  curve.  The  start  is  made  from  the  wave-length 
(408  cm.)  at  which  the  system  is  in  resonance  when  the  gas  is  not 
ionized.  At  low  pressure,  the  curve  bends  first  to  the  left  and  down- 
ward; this  signifies  that  as  the  ionization  increases  the  dielectric 
constant  of  the  gas  is  falling  and  the  conductivity  rising,  as  by  the 
theory  they  should.  Then  at  an  unknown  but  seemingly  sharply- 
marked  value  of  ionization,  the  curve  bends  sharply  to  the  right; 
and  this  signifies  the  same  as  the  crinkle  and  the  minimum  in  the 
other  more-fully-comprehended  curves  which  I  have  been  discussing. 

It  is  still  dubious  whether  the  natural  frequency  so  revealed  is 
that  which  the  foregoing  theory  predicts.  Neither  in  his  earlier  nor 
in  his  later  experiments  did  Gutton  measure  N  (the  estimate  of  its 
value  which  he  once  makes  is  derived  in  an  indirect  and  fallible  way). 
Measuring  the  values  of  i  at  which  the  resonance  appeared  in  his 
later  work,  and  comparing  them  with  the  corresponding  values  of  the 
frequency,  he  found  i^^  proportional  to  i^'*;  the  range  of  frequencies 
was  comparatively  small  (not  quite  4  :  1)  but  if  the  result  is  certain 
and  i  is  truly  proportional  to  N,  equation  (24)  is  contradicted.  Apple- 
ton  and  Chapman  testify  that  they  found  the  resonance-effect  observed 
by  Gutton,  but  at  values  of  N  (which  they  measured  by  the  Langmuir 
method)  entirely  too  great  to  permit  of  regarding  it  as  the  plasma- 
electron  frequency,  from  which  they  believe  it  to  be  distinct. 

As  for  the  search  for  spontaneous  oscillations  probably  having  the 
proper  plasma-electron  frequency,  it  is  at  present  even  less  advanced. 
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Electromagnetic  waves  of  high  frequency  often  emanate  from  gases 
intensely  ionized  by  a  flow  of  direct  current,  and  their  wave-lengths 
have  several  times  been  measured,  but  for  one  reason  or  another  the 
comparison  with  equation  (24)  was  not  and  cannot  be  made.  In  a 
mercury-vapor  arc  Tonks  and  Langmuir  detected  oscillations  of 
frequencies  nearly  as  high  as  10^  accompanied  by  others  ranging 
downwards  as  low  as  lO*';  the  former,  they  believe,  were  plasma- 
electron  vibrations;  but  unluckily  they  were  unable  to  estimate  N 
with  any  degree  of  exactness. 


Fig.  10 — Correlation  of  quantities  serving  as  measures  of  high-frequency  con- 
ductance and  dielectric  constant  of  rarefied  ionized  hydrogen.  (H.  Gutton;  Comptes 
Rendus.) 

If  a  region  populated  with  free  electrons  is  pervaded  by  a  constant 
magnetic  field,  yet  another  natural  frequency  exists.  Say,  to  begin 
with,  that  there  is  no  electric  field;  then  any  moving  electron,  instead 
of  continuing  in  a  straight  line,  is  constrained  to  describe  a  spiral  path 
(the  axis  of  the  spiral  being  parallel  to  the  magnetic  field).  The 
velocity  of  the  electron  affects  the  curvature  of  the  helix,  but  not  the 
time  of  traversing  a  single  winding  thereof.  The  reciprocal  of  this 
time,  the  number  of  windings  described  by  any  moving  electron  per 
second,  is  the  "natural  frequency"  aforesaid,  and  is  given  by  the 
formula: 

VH  —  nil  12  IT  =  ell/lTTUic,  (26) 
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//  standing  as  usual  for  the  magnetic  field  strength.  Since  this 
frequency  remains  the  same  however  much  the  speed  of  the  electron 
may  change,  and  therefore  is  the  same  for  all  the  electrons  in  the 
region  in  question  and  for  all  values  of  electric  field  strength,  we  may 
expect  it  to  be  important  when  an  ionized  gas  (or  a  volume  containing 
free  electrons  but  no  atoms)  is  exposed  to  a  high-frequency  field; 
in  curves  of  dielectric  constant  and  conductance  vs.  frequency,  we 
may  look  for  peculiarities  when  v  =  vh.  The  precise  theory,  I  must 
add,  is  not  simple  when  collisions  of  electrons  with  atoms  must  be 
taken  into  account  (the  fundamental  equations  were  given  long  ago 
by  Lorentz);  but  under  certain  restrictions — according  to  Appleton 
and  Childs,  the  number  of  electrons  per  cc.  and  the  number  of  collisions 
per  cycle  of  the  high  frequency  must  be  kept  under  certain  limits — 
it  leads  to  the  inference  that  there  should  be  a  maximum  of  conductance 
at  V  =  VH- 

This  maximum  is  manifested  by  the  sharp  and  striking  minimum 
seen  near  the  middle  of  the  curve  in  Fig.  11.     For  obtaining  these 


/ 

^ 

3u 

' • 

,  } 

\ 

h 

V^' 

^- 

y 

25 

/ 

f 

20  25 

H   IN    GAUSS 


Fig.  11 — Evidence  of  a  natural  frequency  produced  in  an  ionized  gas  by  a 
constant  magnetic  field.     (Appleton  &  Chapman.) 

data,  Appleton  and  Childs  had  an  arrangement  similar  in  the  main  to 
that  of  Fig.  5,  excepting  that  the  detecting  galvanometer  was  coupled 
(through  an  amplifier)  between  the  far  ends  of  the  wires  of  the  bridge, 
and  there  was  a  magnetic  field  of  adjustable  strength  parallel  to  the 
axis  of  the  tube.  Though  I  have  spoken  thus  far  of  what  should  be 
observed  when  H  is  held  constant  and  v  is  varied  through  the  value 
given  by  equation  (26),  it  is  more  convenient  in  practice  to  hold  the 
frequency  constant  and  vary  H  through  the  corresponding  value. 
The  curve  of  Fig.  11  is  accordingly  a  curve  of  galvanometer-reading 
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vs.  H\  the  remarkable  minimum  occurs  at  a  value  of  H  departing  by 
less  than  2  per  cent  from  lirmcv/e.  These  data  were  obtained  at 
frequency  5.46-10^;  others  observed  at  2.96-10^  and  3.45-10^  yielded 
agreements  almost  as  good,  or  better. 

Maxima  of  conductivity  of  ionized  air  have  lately  been  found  by 
Jonescu  and  Mihul,  at  the  predicted  values  of  field  strength  H,  for 
various  frequencies  of  the  order  10^.  Earlier  Benner,  in  a  note 
deplorably  brief,  showed  not  only  a  curve  of  conductivity  (or  rather, 
of  something  proportional  to  conductance)  displaying  a  maximum, 
but  a  curve  of  dielectric  constant  displaying  a  crinkle  like  that  of  a 
dispersion-curve  in  the  neighborhood  of  a  region  of  anomalous  disper- 
sion. These  are  the  curves  of  Fig.  9,  already  introduced  into  this 
article  to  illustrate  how  these  quantities  vary  in  the  vicinity  of  a 
natural  frequency.  The  "ionization-condenser"  of  Benner's  experi- 
ment consisted  of  the  grid  and  plate  of  a  triode,  the  space  between 
them  populated  with  electrons  emitted  from  the  filament;  it  is  to  be 
inferred  that  the  tube  contained  some  gas,  but  unfortunately  nothing 
definite  is  said  about  the  kind  or  amount.  The  maximum  of  the  one 
curve  and  the  crinkle  in  the  other  occurred  at  a  value  of  H  some 
twelve  per  cent  higher  than  the  predicted  value  aforesaid. 

On  applying  a  longitudinal  magnetic  field  of  about  21  gauss  to  the 
tube  of  ionized  hydrogen  with  which  he  had  observed  the  peculiar 
natural  frequency  mentioned  above,  H.  Gutton  found  this  one  replaced 
by  two,  well  marked  and  well  separated,  one  being  shifted  toward 
higher  frequencies  from  the  original  value  and  one  toward  lower. 
The  same  phenomenon  has  been  observed  by  Tonks,  in  his  studies 
of  the  natural  frequencies  which  he  identifies  with  the  plasma-electron 
oscillations  predicted  by  the  theory  culminating  in  equation  (24). 
The  doubling  of  the  resonance  is  analogous  to  the  Zeeman  effect, 
and  is  amenable  to  theory. 

The  earth's  magnetic  field  imprints  a  natural  frequency  upon  the 
electrons  populating  the  air,  in  particular  the  upper  strata  thereof; 
this  afifects  the  transmission  of  radio  waves  in  curious  ways,  which 
were  foretold  in  this  journal  seven  years  ago  by  Nichols  and  Schelleng, 
and  in  England  by  Appleton  and  Barnett. 

In  the  second  part  of  this  article,  I  will  treat  of  the  conditions 
under  which  a  high-frequency  field  may  initiate  and  maintain  a 
luminous  discharge  in  a  gas,  and  of  the  laws  of  these  discharges. 
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Transformer  Coupling  Circuits  for  High-Frequency 

Amplifiers 

By  A.  J.  CHRISTOPHER 

This  article  deals  with  the  use  of  transformer  type  of  coupling  circuits 
in  high-frequency  amplifiers  to  transmit  efficiently  voltages  or  currents 
between  certain  limiting  frequencies  while  attenuating  those  above  and 
below  the  limiting  frequencies.  The  similarity  of  these  coupling  circuits 
to  band-pass  filters  is  shown  and  the  conditions  to  be  satisfied  in  order 
that  they  may  act  as  such  are  covered.  Means  of  obtaining  uniformly 
high  amplification  over  relatively  wide  frequency  bands  are  explained. 
Typical  conditions  under  which  these  coupling  circuits  have  been  employed 
and  factors  affecting  their  performance  are  discussed. 

I.    Introduction 

THE  designer  of  high-frequency  amplifiers  is  often  confronted 
with  the  problem  of  obtaining,  with  a  given  number  of  amplifying 
tubes  and  coupling  circuits  in  cascade,  maximum  voltage  amplification 
over  a  predetermined  band  of  frequencies,  and  high  attenuation  to  all 
voltages  outside  of  the  desired  band  of  frequencies.  To  secure  a  large 
voltage  amplification  the  most  convenient,  economical  and  practical 
arrangement  for  coupling  the  various  stages  of  the  amplifier  is  by 
means  of  the  step-up  transformer.  By  adding  condensers  in  parallel 
with  one  or  more  of  the  windings  of  the  transformer  a  frequency 
discrimination  characteristic  is  obtained  which  can  be  controlled  to  a 
large  extent  by  the  proper  choice  of  the  transformer  constants  and  the 
tuning  capacitances.  In  the  case  of  the  usual  type  of  transformer 
coupling  with  the  secondary  winding  tuned  to  resonance  at  a  given 
frequency  the  voltage  amplification  for  a  single  stage  depends  on  the 
resistance  of  the  secondary  winding,  the  conductance  of  the  grid 
circuit  of  the  second  tube  and  the  size  of  the  tuning  condenser.  With 
proper  choice  of  the  transformer  constants  very  large  amplification 
can  generally  be  obtained  over  a  relatively  narrow  band  of  frequencies. 
To  obtain  high  amplifications  over  wider  frequency  bands  other 
factors  must  be  taken  into  consideration. 

Possibly  the  most  important  of  these  factors  is  the  impedance  of 
the  circuit  into  which  the  secondary  winding  operates.  In  the  case 
of  an  interstage  transformer  with  the  secondary  winding  connected 
directly  to  the  grid  circuit  of  a  three-element  tube  this  impedance 
depends  on  the  electrode  capacities  of  this  tube,  the  amplification 
factor,   the  plate  impedance  and   the  impedance  connected  to  the 
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output  terminals  of  the  tube.  Where  the  amplification  factor  and 
plate  circuit  terminating  impedance  are  low,  as  in  the  case  of  tubes  oper- 
ating as  demodulators,  the  effective  input  impedance  of  the  tube  is 
comparatively  high  and  depends  mainly  on  the  electrode  capacities. 
The  input  impedance  of  a  shielded-grid  tube  is  likewise  comparatively 
high  and  depends  mainly  on  the  capacity  between  the  grid  and  filament 
terminals.  The  input  impedance  of  a  tube  decreases  with  increase 
in  frequency  and  at  very  high  frequencies  it  becomes  so  low  that 
difficulty  is  experienced  in  obtaining  any  increase  in  amplification  in 
the  coupling  circuit.  In  the  case  of  the  single  tuned  transformer, 
previously  referred  to,  the  effective  input  capacity  of  the  tube  may 
act  as  part  of  the  tuning  condenser  with  the  result  that  at  the  resonance 
frequency  a  substantial  amplification  can  usually  be  obtained.  How- 
ever, when  it  is  desired  to  transmit  a  broad  band  of  frequencies  the 
magnitude  of  the  effective  input  capacity  becomes  a  very  important 
controlling  factor.  For  a  definite  band  width  the  possible  voltage 
amplification  varies  inversely  as  the  value  of  the  effective  capacity 
across  the  secondary  winding. 

A  study  of  the  various  factors  entering  into  the  use  of  a  suitable 
coupling  circuit  for  successive  stages  of  a  high  frequency  amplifier 
has  indicated  that  best  results  are  obtained  if  the  design  of  the  trans- 
former is  based  upon  the  principles  of  the  broad-band  filter.  Definite 
relations  are  obtained  between  the  constants  of  the  transformer 
windings,  the  tuning  capacities,  and  the  impedances  of  the  circuits 
between  which  it  operates.  The  structure  is  thus  essentially  a  band- 
pass filter  and  has  all  of  its  elements  properly  proportioned  to  provide 
the  desired  band  selectivity,  but  it  still  retains  the  form  and  the 
functions  of  a  transformer. 

II.   Theory  and  Method 
Fig.  1  shows  a  simple  transformer  type  of  coupling  circuit  connected 
between  the  plate  circuit  of  an  amplifying  tube  and  the  input  circuit 
of  a  second  tube.     The  primary  and  secondary  circuits  of  the  trans- 


Fig.  1 — Circuit  schematic  of  an  amplifier  using  a  transformer  type  of 
coupling  circuit. 
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former  are  adjusted  to  resonate  at  the  same  frequency.  The  determi- 
nation of  the  constants  for  the  circuit  so  that  it  conforms  not  only  to 
the  requirements  relating  to  the  band  selectivity  and  to  the  voltage 
transformation  ratio,  but  also  to  requirements  of  transmission  effi- 
ciency, is  explained  in  the  following  mathematical  analysis. 

For  convenience  in  analyzing  the  essential  parts  of  Fig.  1  they  are 
shown  in  a  simplified  schematic  form  in  Fig.  2.     In  this  schematic, 


I \NW^ 
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P-M 


S-M 
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Fig.  2 — "T"  network  of  a  transformer  coupling  circuit. 

the  sending-end  impedance  Zo  corresponds  to  the  effective  plate 
impedance  of  the  first  vacuum  tube  and  the  electromotive  force  Ei 
corresponds  to  the  internal  plate  voltage  of  this  tube.  The  trans- 
former formed  by  inductances  P  and  5  is  replaced  by  the  well  known 
"r"  network.^  The  capacity  Ci  is  provided  by  a  separate  condenser, 
while  that  of  G  is  equal  to  the  effective  distributed  capacity  of  winding 
S  plus  the  effective  input  capacity  of  the  second  vacuum  tube. 

The  method  used  in  computing  the  output  voltage  of  a  transmission 
circuit  such  as  is  shown  in  Fig.  2  consists  in  determing  the  "image" 
impedances  corresponding  to  each  pair  of  terminals.  These  image 
impedances  are  determined  from  the  open  and  short-circuit  imped- 
ances, measured  at  the  terminals  of  the  network,^  by  the  following 
relationships:  

Zi,  2  =  ^z7z7,  (1) 

and  

Z3.  4  =  VZo"Zs",  (2) 

where  Zo'  and  Zs  equal  respectively  the  open  and  short-circuit 
impedances  and  Zi,  2  the  image  impedance  at  terminals  1,  2  and  Zo" 
and  Zs"  equal  the  open  and  short-circuit  impedances  and  Z3,  4  the 
image  impedance  at  terminals  3,  4. 

Since  the  resistance  elements  of  a  transformer  of  this  type  can  be 
made  very  small  in  comparison  to  the  reactance  elements,  it  is  practical 
to  eliminate  them  in  computing  the  open  and  short-circuit  impedances. 

1  "Telephone  Transformers,"  by  W.  L.  Casper,  A.  I.  E.  E.  Jour.,  March,  1924, 
Vol.  XLIII,  No.  3. 

^"Transmission  Characteristics  of  Electrical  Wave  Filters,"  by  O.  J.  Zobel. 
Bell  Sys.  Tech.  Jour.,  October,  1924,  Vol.  Ill,  No.  4. 
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With  the  assumption  that  the  elements  of  the  couphng  circuit  are 
pure  reactances  and  that  the  two  anti-resonant  circuits  are  at  resonance 
at  the  same  frequency, /o,  the  following  expression  for  Zi.  2  as  a  function 
of  frequency/  was  derived  with  the  use  of  equations  1  and  2. 


■^1, 2  — 


K--'_^\l^[i-l-K'^  ^^^ 


and  Z3,  4  is  the  same  expression  with  C2  substituted  for  Ci  or 

■^3,  4  —  Zi,  2  X  TT  ==  Zi,  2  73 , 
C2  -r 

where  K  is  the  coefficient  of  coupling  between  inductances  P  and  S, 
and  /o  is  the  common  resonance  frequency  of  the  two  anti-resonant 
circuits  in  Fig.  1. 

The  lower  and  upper  cut-off  frequencies  /:  and  fi  are  related  to  the 
resonance  frequency  /o  as  follows : 

/o  =  /wrTx 

The  geometrical  mean  frequency 

fm   =    V/52 

_         /o 


<ll  -  K" 


Substituting  the  above  expressions  for  fm  in  place  of  /  in  equation 
(3),  we  find  that  at  the  geometrical  mean  frequency  the  image  im- 
pedance in  terms  of  fi  and  fi  has  the  value 

(5) 


27r(/2-/i)Cr 


which  will  be  denoted  by  Zi,  2- 

It  will  be  noted  upon  examining  equation  (3)  that  Zi,  2  and  Z3,  4 
are  resistive  between  /i  and  f^  and  are  minimum  at  the  geometrical 
mean  frequency.  They  increase  uniformly  on  either  side  of  the 
geometrical  mean  frequency  and  are  infinite  at  /i  and  f^.  For  fre- 
quencies below /i  and  above /2  they  are  reactive.  It  can  therefore  be 
seen  that  this  type  of  coupling  circuit  inherently  possesses  the  char- 
acteristics of  a  band-pass  filter.  However,  in  order  that  the  band 
characteristic  may   be   properly  developed,   the  magnitudes  of  the 
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various  elements  must  be  proportioned  with  respect  to  the  terminal 
impedances  as  well  as  to  the  limiting  frequencies.  This  is  done  by 
making  the  image  impedances  about  equal  to  the  respective  terminal 
impedances  at  the  mean  frequency  /,„  of  the  band.  Preferably  the 
impedances  should  be  matched  at  both  ends,  but  if  the  transformer 
normally  operates  with  one  end  substantially  open-circuited,  as  in  an 
amplifier,  it  is  sufficient  to  effect  the  matching  at  the  other  end. 
The  following  formulas  giving  the  constants  of  the  various  elements 
in  terms  of  the  limiting  frequencies  were  derived  from  the  foregoing 
equations. 

g  -  h' 


^   ~    f2      I      f  2  '  (6) 


__V2/,A_.  („ 


^f^'+f: 


or 


^^-27r(/2-/0Z,.,'  '(^^ 

^  "  47r2/o'Ci  '  ^^^ 

S  =  -IZWh^'  (10) 

477-/0   C  2 

S^  P  X~-  (11) 

C  2 

As  previously  mentioned  the  above  equations  are  based  on  the 
ideal  condition  which  assumes  the  elements  to  be  pure  reactances. 
Actually,  a  small  amount  of  resistance  is  present  in  each  element  of 
the  transformer  which  tends  to  reduce  the  width  of  the  transmission 
band.  Consequently /i  and /2  should  be  assumed  slightly  lower  and 
higher  respectively  than  the  lower  and  upper  frequencies  of  the 
desired  transmitted  band  in  order  to  insure  uniform  voltage  amplifi- 
cation. It  is  advantageous  to  make  the  impedance  Zi,  2  approximately 
0.8  of  the  terminal  impedance  Zo,  in  which  case  Zi,  2  and  Zq  will  be 
equal  at  two  frequencies  near  the  band  limits  and  will  not  be  greatly 
mismatched  at  the  geometrical  mean  frequency.  This  tends  to 
improve  the  uniformity  of  transmission  within  the  band. 

In  applying  the  above  equations,  G  is  determined  first  from  equation 
(8).  F  is  then  determined  from  equation  (9).  From  a  knowledge 
of  the  effective  distributed  capacity  of  5"  and  the  input  capacity  of  the 
second  tube  in  Fig.  1,  5  is  determined  from  equation  (10).  The 
windings  P  and  5  are  then  arranged  with  respect  to  each  other  to 
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satisfy  the  coupling  coefficient  of  equation  (6).  To  facilitate  adjust- 
ment C2  may  include  a  small  adjustable  condenser  to  comjiensate  for 
\ariations  in  winding  capacities  as  well  as  in  the  input  capacity  of 
the  vacuum  tube. 

The  following  analysis  shows  that  maximum  voltage  amplification 
is  obtained  with  practically  uniform  transmission  for  all  frequencies 
within  the  transmitted  band  when  the  secondary  circuit  is  terminated 
only  in  its  tuning  condenser. 

Referring  to  Fig.  2  and  assuming  that  Zi,  2  =  Zq  and  Zu  =  Z-j,  4, 
we  find  that  the  voltage  drop  across  Zr  is 


or 


-  _  1  77       Zz,  4 

-  _   EfJL        IZs^    4 

'''-Tyjzr,' 


(12) 


Now  from  Thevenin's  Theorem,^  assuming  Zo  =  Zi,  2,  we  can 
obtain  the  following  expression  for  the  output  current  for  any  value 
of  the  impedance  Zr  : 

Ir=    ^      f  V  '  (1^^ 

where  £2  is  the  open-circuit  voltage  at  terminal  3,  4  and  Ir  is  the 
current  flowing  in  the  terminating  impedance  Zr. 

The  actual  voltage  across  the  terminating  impedance  Zr  is 

77     _    r    7     _         E^Zr 
TL,R  —   Ir^r  — 


Zr  -\-  Zz,  4 

Where  Zr  is  equal  to  Z3,  4  the  output  voltage  has  the  value 

The  effect  of  matching  the  terminating  impedance  to  the  impedance 
Z3,  4  is  thus  to  cut  the  output  voltage  in  half. 
Then 

£2  /Z3,  4  _         /Ci  ,... 

E^''\z7rr  ''\Q'  ^^^^ 

where  n  =  voltage  amplification  constant  of  the  first  tube. 

Generally  the  effect  of  leaving  the  output  end  of  a  filter  open- 

3  " Transmission   Circuits  for  Telepiione   Communication,"   by   K.   S.   Johnson, 
p.  79. 
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circuited  would  be  to  introduce  irregularities  of  transmission  within 
the  band.  However,  if  the  band  is  relatively  narrow  the  resistances 
of  the  filter  elements  are  sufficient  to  smooth  out  these  irregularities 
and  in  certain  cases  the  transmission  may  be  made  more  uniform  by 
the  omission  of  the  impedance  Zr.  This  has  been  found  to  be  the  case 
with  transformers  of  the  type  described  here. 

Equation  (14)  shows  that  the  voltage  ratio  E^IE  which  is  the 
ratio  of  the  open-circuit  voltage  of  the  tuned  circuit  at  terminals  3,  4 
to  the  applied  grid  voltage  of  the  first  tube  is  directly  proportional  to 


■V 


over  the  transmitted  band.     By  proper  choice  of  the  constants  of 

the  coupling  circuit  so  that  Zi,  2  will  equal  Zq  at  a  frequency  lower 
and  higher  than  the  geometrical  mean  frequency  this  voltage  ratio 
will  remain  practically  constant  for  all  frequencies  within  the  band. 

The  voltage  ratio  E1IE  for  any  frequency  w  outside  the  transmission 
band  may  be  obtained  from  the  following  equation: 


EzjE  =  u 


where 


-7^  X  -7^  X  Z^jZ^ 

Z2  Z.4 


Z,  =  J-r;        Z,^MS-M)+Zu        Z,=     ^^-^'"^^ 


z     ^ 

Z-4  -; — -TT 

Z,  =  Za  +  jo^{P  -  M)  ■         Z5  =  ^^^~-  ;         Ze  =  Z5  +  Zc 

Z4  + 


P,  S  and  AI  are  in  henrys  and  d  and  C2  in  farads. 
As  the  effective  voltage  amplification  of  the  network  within  the 
transmission  band  is  directly  proportional  to 

it  is  evident  that  since  d  is  fixed  by  equation  (8),  the  value  of  Co 
must  be  kept  to  a  minimum  to  realize  maximum  voltage  step-up. 
Consequently,  greater  amplification  will  be  obtained  if  the  second 
tube  in  Fig.  1  has  minimum  input  capacitance.  The  effective  dis- 
tributed capacitance  of  the  winding  is  kept  at  a  low  value  by  placing 
the  winding  in  narrow  grooves  on  a  spool. 

In  actual  use  the  maximum  amplification  realized  at  the  higher 
frequencies  is  somewhat  less  than  that  shown  in  equation  (14)  since 
the  conductance  component  of  the  input  impedance  of  the  second 
tube  reduces  the  effective  voltage  at  this  point.     It  is  therefore  of 
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importance  that  the  conductance  component  as  well  as  the  capacitance 
component  of  the  input  impedance  of  the  second  tube  be  kept  to  a 
minimum  if  maximum  amplification  is  to  be  obtained.  If  the  second 
tube  in  Fig.  1  is  operated  as  a  negative  grid  bias  detector  the  ratio  of 
E2'E  may  be  made  considerably  larger  than  if  it  is  operated  as  an 
amplifier.  The  application  of  a  large  negative  grid  bias  and  the  use 
of  a  by-pass  condenser  in  the  plate  circuit  of  the  tube  to  improve 
its  modulation  efficiency  usually  results  in  a  very  small  input  capaci- 
tance and  conductance.  It  is  therefore  sometimes  desirable  in  multi- 
stage amplifiers  to  place  the  selective  circuits  between  the  last  amplifier 
tube  and  the  detector  tube.  With  the  advent  of  the  shielded-grid 
tube  having  the  characteristic  of  low  input  capacitance  and  conduct- 
ance, transformers  of  this  type  are  particularly  adapted  to  high 
frequency  amplifiers  such  as  used  for  the  intermediate  frequency 
amplifier  of  a  superheterodyne  receiver. 

III.   Practical  Applicatioxs 
Fig.  3  shows  the  transmission  characteristic  of  a  simple  transformer 
coupling  circuit  when  operating  from  a  balanced  resistance  of  1000 
ohms  into  the  grid  circuits  of  push-pull  amplifying  tubes.     Stability 


^' 


Fig.  3^Typical  transmission  characteristic  of  a  transformer  coupling  circuit. 

was  more  important  in  this  particular  case  than  maximum  voltage 
step-up  so  that  a  fixed  condenser  C2  was  added  externally  across  the 
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grid  circuit  to  prevent  the  operation  of  the  transformer  from  being 
affected  by  variations  in  the  grid  circuit  capacities. 

More  than  one  coupling  circuit  has  been  used  to  obtain  the  necessary 
selectivity.  Several  of  these  have  been  connected  together  with 
either  series  or  shunt  condensers  to  obtain  the  equivalent  of  a  multi- 
section band-pass  filter.  Networks  of  this  type  in  which  the  elements 
have  been  chosen  in  accordance  with  the  previously  mentioned 
equations  have  been  employed  as  band  filters  because  of  their  simplicity 
and  compactness,  and  the  relatively  low  cost  of  the  inductance  ele- 
ments. They  have  been  used  to  connect  two  equal  or  unequal 
impedances  as  well  as  to  operate  from  an  impedance  directly  into  the 
grid  circuit  of  a  vacuum  tube. 

One  of  these  networks  was  used  between  the  plate  circuit  of  a 
shielded-grid  vacuum  tube  and  the  grid  circuit  of  a  second  shielded- 
grid  vacuum  tube  at  84  kilocycles.  The  gain  characteristic  of  a  stage 
of  this  type  is  shown  in  Fig.  4.     The  capacitance  Cj  represents  the 
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4 — Transmission  characteristic  of  a  transformer  coupling  circuit   operating 
between  shielded-grid  tubes. 


capacitance  between  the  plate  and  shield  of  the  first  tube  plus  the 
winding  capacitance  and  capacitance  C2  represents  the  winding  capaci- 
tance and  effective  input  capacitance  of  the  second  tube.  It  will  be 
of  interest  to  know  that  the  voltage  amplification  obtained  over  the 
transmitted  band  was  approximately  equal  to  the  amplification  of  the 
first    shielded-grid    tube.     Consequently,    the    transformer    network 
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efficiently  transmitted  the  internal  plate  voltage  of  the  first  tube  to 
the  grid  circuit  of  the  second  tube.  The  internal  plate  impedance  of 
the  particular  tube  used  was  approximately  400,000  ohms.  A  two- 
stage  amplifier  consisting  of  two  shielded-grid  amplifying  tubes  and 
two  transformer  coupling  circuits  connected  in  cascade  gave  a  voltage 
amplification  of  approximately  40,000  times  over  the  frequency  band 
shown. 

Another  type  of  transformer  coupling  circuit  which  was  employed 
in  the  intermediate  frequency  amplifier  of  a  high  quality  superhetero- 
dyne radio  receiver  is  shown  in  ¥\g.  5.     The  circuit  schematic  of  this 


Fig.  5 — Coupling  circuit  consisting  of  two-tuned  transformers  connected  in  cascade. 

transformer  and  its  transmission  characteristic  are  shown  in  Fig.  6. 
It  will  be  noted  that  two  transformers  are  mounted  separately  and 
electrically  connected  by  a  series  condenser  d' .     C\  and  Li  were 

determined  from  equations  (8)  and  (9)  and  Li  =  L2  =  L3.     C2   =  —  ■ 

The  capacitance  across  L4  was  equal  to  the  winding  capacity  and 
effective  input  capacity  of  the  second  tube.  The  second  tube  of 
Fig.  6  was  the  second  detector  of  the  intermediate  frequency  amplifier. 
The  elements  of  a  coupling  circuit  consisting  of  three  transformers 
and  their  associated  condensers  for  operation  over  the  carrier  frequency 
range  of  50  to  150  kilocycles  are  shown  in  Fig.  7.  The  windings  of 
stranded  wire  are  applied  in  narrow  grooves  to  reduce  the  dielectric 
losses  of  the  insulation  between  layers.  The  ratio  of  the  reactance  to 
the  effective  resistance  for  these  coils  varies  from  approximately  150 
at  50  kilocycles  to  approximately  240  at  150  kilocycles.  The  halves 
of  the  winding  connected  to  the  grid  circuit  of  the  balanced  tubes 
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FREQUENCY  —  KILOCYCLES 


Fig.  6 — Transmission  characteristic  of  a  double  transformer  type  of  tuned  circuit. 


Fig.  7 — Coupling  circuit  consisting  of  three-tuned  transformers  in  cascade. 
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were  wound  in  the  two  grooves  of  the  last  spool  type  assemjjly  in 
such  a  manner  as  to  maintain  satisfactory  balance  for  this  type  of 
operation.  Four  adjustable  condensers  were  added  externally  to  these 
transformers  as  shown  in  Figs.  8  and  9.  The  capacity  of  the  con- 
densers was  adjustable  so  that  the  transmitted  band  could  be  located 
anywhere  between  50  and  150  kilocycles. 


^" 
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FREQUENCY  —    KILOCYCLES 


Fig.  8 — Transmission  characteristic  of  a  triple  transformer  type  of  tuned  circuit. 


Fig.  8  shows  the  circuit  schematic  and  transmission  characteristic 
of  the  same  transformer  network  at  50  kilocycles  when  operating  from 
a  non-inductive  resistance  into  the  grid  circuit  of  push-pull  modulator 
tubes.     A  step-up  transformer  was  used  between  the  resistance  and 
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the  tuned  transformer  to  match  impedances  and  improve  the  efficiency 
of  transmission.  Fig.  9  shows  the  transmission  characteristic  and 
circuit  schematic  of  the  same  tuned  transformer  when  operating 
between  two  non-inductive  resistances.     Repeating  coils  were  used 
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FREQUENCY  —  KILOCYCLES 


Fig.  9 — Transmission  loss  characteristic  of  a  triple  transformer  type  of 
tuned  circuit. 

between  the  transformer  and  the  terminated  resistances  to  match 
impedances.     Although  the  width  of  the  transmission  band  at  50 
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kilocycles  is  only  2500  cycles  it  is  considerably  wider  at  150  kilocycles 
as  one  would  expect  from  the  equation  showing  the  relation  of  band 
width  and  capacity.  This,  however,  was  not  an  objectionable  feature 
in  the  circuit  in  which  the  transformer  was  employed.  In  order  to 
maintain  a  constant  band  width  irrespective  of  its  location,  the 
capacity  must  remain  constant  and  the  self  impedance  of  the  windings 
and  the  coupling  coefficients  changed  or  the  inductance  elements 
maintained  at  a  constant  value  and  the  capacities  and  coupling 
coefficients  changed. 

IV.   Conclusions 

Transformer  types  of  coupling  circuits  having  the  inductive  and 
capacitive  elements  proportioned  as  explained  in  this  paper  are 
essentially  band-pass  filters  and  are  therefore  particularly  adapted  to 
high-frequency  amplifiers  or  circuits  where  it  is  necessary  to  transmit 
efficiently  frequencies  within  a  desired  band  while  strongly  attenuating 
all  frequencies  outside  the  band.  By  proper  choice  of  the  transformer 
constants  and  the  condensers  it  has  been  shown  that  uniformly  high 
voltage  amplification  was  obtained  over  relatively  wide  frequency 
bands.  It  has  also  been  shown  that  maximum  uniform  voltage 
amplification  for  a  given  frequency  band  was  obtained  when  the 
output  terminals  of  a  transformer  coupling  circuit  were  terminated 
only  in  a  condenser. 

A  few  applications  of  transformer  coupling  circuits  have  been 
discussed  and  the  individual  characteristic  shown.  It  should  be 
understood,  however,  that  these  coupling  circuits  are  not  limited  to 
the  frequency  bands  illustrated  but  may  be  efficiently  used  at  higher 
frequencies  and  over  wider  transmission  bands. 

The  author  wishes  to  acknowledge  the  helpful  suggestions  of 
Mr.  H.  Whittle  of  the  Bell  Telephone  Laboratories  who  was  associated 
in  the  development  of  transformer  coupling  circuits  for  purposes 
described  in  this  article. 


Abstracts  of  Technical  Articles  from  Bell  System  Sources 

The  Manufacture  of  Ruhher- Covered  Wires  for  Telephone  Installa- 
tions.^ S.  E.  Brillhart.  Rubber-insulated  wires  are  extensively 
used  by  the  telephone  companies  in  connecting  up  apparatus  and 
equipment  which  is  exposed  to  varying  climatic  conditions  in  the  same 
fashion  in  which  rubber-covered  wires  are  employed  by  other  electrical 
industries.  In  order  to  meet  all  size,  strength,  and  electrical  require- 
ments the  various  wires  available  for  use  must  differ  widely  from  one 
another  and  from  commercial  rubber-insulated  wires,  in  the  character 
of  insulation  with  which  they  are  covered,  as  well  as  the  properties  of 
the  conductors. 

At  one  extreme  this  diverse  group  includes  wires  for  such  use  as 
telephone  drops  which  extend  from  the  cable  terminals  to  the  buildings 
in  which  the  stations  are  located.  These  drop  wires  must  be  capable 
of  carrying  heavy  snow  and  ice  loads  in  winter  and  also  be  able  to 
withstand  exposure  to  summer  heat  and  strong  sunlight  in  hot  climates. 
They  are  Nos.  14  and  17  B.  &  S.  gauge  hard-drawn  copper  and  bronze 
conductors  with  insulations  of  relatively  high  quality  containing  more 
than  30  per  cent  of  rubber  and  covered  with  a  w^eatherproofed  cotton 
braid.  At  the  other  end  the  group  contains  wires  for  connecting  up 
instruments  within  buildings.  Being  supported  frequently  and  pro- 
tected from  exposure,  they  are  made  from  No.  22  gauge  conductors, 
insulated  with  a  thinner  w^all  and  covered  with  a  colored  glazed  cotton 
braid. 

A  plant  is  located  at  the  Point  Breeze  Works,  Baltimore,  in  which 
certain  unique  methods  and  departures  from  conventional  methods 
of  manufacturing  rubber-covered  wires  have  been  reduced  to  practice 
on  a  large  scale.     This  paper  purposes  to  describe  the  plant. 

Some  Recent  Developments  in  Underground  Conduit  Construction  in 
the  Bell  System."^  A.  L.  Fox.  In  the  past  the  type  of  joint  made  by 
trowelling  cement  mortar  around  the  abutting  ends  of  multiple  clay 
conduit  has  not  been  entirely  satisfactory  because  in  some  cases  it 
permitted  infiltration  of  sand  and  silt  which  obstructed  the  ducts. 

\'arious  types  of  joints  have  been  investigated,  including  a  modified 

1  Mech.  Engg.,  June,  1932. 

2  Bell  Telephone  Quarterly,  July,  1932. 
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form  of  the  old  trowelled  joint,  cement  mortar  collars  molded  in  place, 
and  joints  made  with  different  plastic  materials  such  as  asphalt  com- 
pounds spread  on  a  fabric  backing  to  facilitate  application  and  reten- 
tion.    None  of  these  provided  the  tight  seal  desired. 

A  satisfactory  joint  has  been  developed  by  encasing  the  junction  in 
a  mortar  bandage  consisting  of  a  wide  band  of  cement  mortar  enclosed 
in  cheese-cloth  and  held  tightly  against  the  conduit  by  tapes  passing 
completely  around  the  joint  and  secured  on  top.  A  separate  strip  of 
cheese-cloth  is  imbedded  in  the  center  of  the  mortar  to  prevent  slump- 
ing. With  cement  mortar  of  proper  consistency  and  an  admixture  to 
insure  the  desired  plasticity  sufficient  cement  paste  comes  through  on 
the  inside  when  the  bandage  is  applied  to  provide  a  tight  bond.  A 
strip  of  paper  placed  in  the  bandage  under  the  cheese-cloth  in  the 
outer  side  helps  to  distribute  the  pressure  of  the  tying  tapes  and 
assists  in  retaining  water  in  the  mortar  thereby  aiding  the  hardening 
and  increasing  the  strength  of  the  joint. 

The  results  of  hydrostatic  tests  of  these  joints  show  that  they  are 
practically  watertight.  Their  use  is  expected  to  effect  savings  in 
conduit  construction  since  their  high  strength  permits  in  many  cases 
omission  of  the  concrete  base  and  further  savings  may  accrue  through 
the  increased  speed  with  which  conduit  can  be  laid  and  joined  and  the 
fact  that  the  trench  can  be  back-filled  immediately  without  danger 
of  injuring  the  joints.  Other  savings  in  the  labor  of  rodding  ducts 
will  be  realized  because  the  new  type  of  joint  is  siltproof. 

The  Depth  of  Origin  of  Photoelectrons}  Herbert  E.  Ives  and  H.  B. 
Briggs.  Previous  work  has  shown  that  the  photoelectrons  from  a 
silver  plate  covered  with  an  equilibrium  film  of  alkali  metal  follow  the 
wave-length  distribution  of  energy  just  above  the  silver  surface,  i.e., 
in  the  alkali  metal.  This  question  has  been  further  investigated  with 
particular  references  to  alkali  metal  films  in  their  early  stages  of  devel- 
opment, where  their  average  depth  is  less  than  one  atom.  Computa- 
tions made  on  the  absorption  of  light  just  within  the  silver  surface 
show  that  there  should  be  very  definite  and  striking  differences  in  the 
wave-length  distribution  of  photoemission  if  emission  occurs  due  to 
light  absorption  in  the  silver,  as  contrasted  with  emission  from  a  film 
on  the  silver.  Experimental  tests  made  with  sodium  and  caesium 
films  show  that  in  the  earliest  measurable  state  the  emission  exhibits 
characteristics  peculiar  to  the  light  absorption  in  silver,  and  that  as 
the  films  build  up  the  emission  becomes  characteristic  of  the  energy 
above  the  silver.     It  is  concluded  that  the  photoelectrons  originate 

'^  Phys.  Rev.,  June  1,  1932. 
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partly  in  the  underlying  metal  and  partly  in  the  alkali  metal  film,  the 
relative  proportions  varying  with  the  film  thickness. 

The  Lapel  Microphone  and  Its  Application  to  Public  Address  and 
Announcing  Systems.*  W.  C.  Jones  and  D.  T.  Bell.  Many  speakers 
find  it  difficult  to  use  the  conventional  type  of  microphone,  because  of 
the  restrictions  that  it  imposes  upon  their  freedom  of  movement.  A 
microphone,  known  as  the  lapel  microphone,  designed  to  be  attached 
to  the  speaker's  clothing,  has  been  developed  for  overcoming  these 
limitations. 

The  vibratory  structure  of  the  lapel  microphone  is  designed  to  have 
low  mass  and  stiffness,  and  to  resonate  at  a  comparatively  high  fre- 
quency. The  resilient  support  of  the  diaphragm  adds  sufficient 
mechanical  resistance  to  prevent  the  occurrence  of  a  prominent  peak 
in  the  response  at  the  resonance  frequency.  Means  are  provided  for 
reducing  extraneous  noise  to  a  minimum.  A  part  of  the  sound  reaching 
the  microphone,  due  to  body  vibration,  is  rich  in  low  frequencies  and 
must  be  attenuated,  otherwise  the  quality  of  transmission  will  be 
unnatural.  This  attenuation  is  accomplished  in  the  coupling  trans- 
former, which,  together  with  the  apparatus  required  for  suppressing 
clicks,  for  indicating  when  the  circuit  is  in  operation,  etc.,  is  mounted 
in  a  control  cabinet.  A  flexible  cord  connects  the  microphone  to  this 
cabinet. 

It  is  expected  that  the  lapel  microphone  will  find  application  in 
theaters,  churches,  convention  halls,  lecture  and  banquet  rooms,  and 
the  like,  where  public  address  systems  are  now  employed.  It  also  can 
be  applied  in  connection  with  other  sound  recording  and  reproducing 
equipment  where  the  background  noise,  characteristic  of  carbon 
microphones,  is  not  a  limiting  factor. 

Vacuum  Tube  and  Photoelectric  Tube  Developments  for  Sound  Picture 
Systems.^  M.  J.  Kelly.  This  paper  reviews  some  recent  vacuum 
tube  and  photoelectric  cell  developments  which  are  of  interest  in 
sound  recording  and  reproduction  systems.  An  indirectly  heated 
cathode  triode  is  described,  in  the  output  circuit  of  which  the  current 
components  due  to  the  a-c.  power  supply  of  the  heater  have  been 
reduced  approximately  20  decibels  below  previously  obtained  levels. 
This  tube  makes  it  possible  to  use  an  a-c.  supply  in  amplifiers  having 
flat  frequency  characteristics  with  over-all  gains  of  the  order  of  100 
decibels.  The  microphonic  disturbances  in  vacuum  tubes  are  dis- 
cussed.    A  measuring  system  for  evaluating  the  microphonic  noise 

*  Jour.  S.M.P.E.,  September,  1932. 

5  Jour.  S.M.P.E.,  June,  1932. 


ABSTRACTS  OF  TECHNICAL  ARTICLES  625 

currents  is  described,  and  the  characteristics  of  a  filamentary  cathode 
tube  of  low  microphonic  noise  level  are  given.  The  characteristics  of 
a  double  anode,  thermionic,  gas-tilled,  rectifier  tube  for  use  in  a  d-c. 
power  supply  unit  for  the  sound  lamp  and  vacuum  tube  filaments  of 
reproducing  systems  are  given.  A  photoelectric  cell  of  high  sensitivity 
for  use  in  sound  reproduction  work  is  described. 

Analysis  and  Reduction  of  Output  Disturbances  Resulting  from  the 
Alternating-Current  Operation  of  the  Heaters  of  Indirectly  Heated  Cathode 
Triodes.^  J.  O.  McNally.  This  paper  discusses  the  disturbance 
currents  in  the  output  circuits  of  indirectly  heated  cathode  triodes, 
introduced  by  the  use  of  alternating  current  in  the  heaters.  It 
indicates  that  the  disturbance  currents  are  introduced  into  the  output 
circuit  by  (1)  the  electric  field  of  the  heater,  (2)  the  magnetic  field  of 
the  heater  current,  and  (3)  the  resistance  between  heater  and  grid  and 
between  heater  and  plate,  and  the  capacitance  between  heater  and 
grid  and  heater  and  plate. 

The  outputs  due  to  the  electric  field  between  cathode  and  plate  are 
produced  by  the  "grid"  action  of  the  heater  and  heater  leads.  The 
frequency  of  the  output  is  chiefly  that  of  the  heater  supply.  The 
outputs  are  shown  to  be  effectively  reduced  by  electrostatically  shield- 
ing the  heater. 

Disturbance  currents  of  the  frequency  of  the  heater  supply,  and  of 
double  this  frequency  are  shown  to  be  produced  by  the  magnetic 
field.  The  double-frequency  component  is  shown  experimentally  to 
be  proportional  to  the  square  of  the  heater  current.  The  following 
means  of  reducing  the  magnetic  field  are  discussed:  (1)  the  adoption 
of  a  heater  geometry  which  produces  a  smaller  field  in  the  space  between 
the  cathode  and  the  plate,  (2)  the  use  of  a  magnetic  shield  around  the 
heater  system,  and  (3)  the  use  of  a  lower  current,  higher  voltage  heater. 

The  ways  in  which  disturbance  currents  are  introduced  by  leakage 
resistances  and  capacitances  between  heater  and  grid  and  heater  and 
plate  are  indicated,  and  experimental  v^erification  is  given  for  the  case 
of  resistance  between  the  grid  and  heater. 

Use  has  been  made  of  this  disturbance  current  analysis  in  the  devel- 
opment of  an  extremely  low  disturbance  output  tube,  which  is  de- 
scribed. 

Fourier  Series  in  Three  Dimensions.''  W.  O.  Pennell.  The  classical 
Fourier  Series  represents  a  function  in  a  given  interval  and  then 
repeats  the  same  values  in  the  next  and  subsequent  interv^als.     In 

^Proc.  I.R.E.,  August,  1932. 

'  Am.  Math.  Monthly,  May,  1932. 
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Other  words  if  Six)  is  the  classical  Fourier  Series  representing  f{x) 
in  the  interval  0  <  x  <  a  then  S{x)  =  fix  —  no)  where  n  takes  on 
the  values  w  =  0,  ±  1,  ±  2,  •  •  •  corresponding  to  the  various  intervals 
na  <  X  <  in  -\-  \)a. 

The  author  has  shown  how  a  generalized  Fourier  Series  Siix)  may 
be  obtained  representing  a  function  in  the  intervals  wa  <  :x;  <  (w  +  l)a 

as  follows: 

Sxix)  =  b"f{x  -  na), 

where  n  takes  on  the  values  w  =  0,  ±  1,  ±  2,  •  •  •,  and  b  is  any  real 
constant. 

In  this  paper  is  described  a  still  more  general  Fourier  Series  Snix) 
representing  a  function  in  the  intervals  wo  <  x  <  (w  +  l)tt  as  fol- 
lows : 

Snix)  =  [6"/(x  —  na)~\n^, 

where  corresponding  to  the  above  intervals  w  takes  on  the  values 
w  =  0,  ±  1,  ±  2,  •  •  •,  &  is  any  real  constant,  and  the  subponent 
notation  n-^  denotes  the  rotation  of  the  plane  of  the  curve  about  the 
X  axis  through  an  angle  n-^  with  the  XY  plane. 

Current  Propagation  in  Electric  Railway  Propulsion  Systems.  John 
RiORDAN.8  This  paper  presents  a  systematic  method  of  attack, 
based  on  the  superposition  theorem  on  the  problems  of  electric  railway 
propulsion  systems  arising  from  the  presence  of  tracks  and  other  leaky 
conductors.  The  treatment  is  limited  to  systems  in  which  the  tracks 
and  other  leaky  conductors  may  be  represented  with  sufficient  accuracy 
by  a  single  conductor,  but  includes  series  and  shunt  discontinuities  in 
this  equivalent  conductor.  The  general  equations  of  current  propa- 
gation in  a  single  conductor  in  the  presence  of  a  conductor  carrying 
a  fixed  current  are  taken  in  a  form  similar  to  the  transmission  equations 
ordinarily  employed  for  power  transmission  and  telephone  lines,  appar- 
ently due  to  H.  Pleijel,  Report  to  Swedish  Royal  Railway  Adminis- 
tration, 1919.  Though  these  equations  are  not  rigorous  they  have 
been  found  to  agree  with  experimental  observations  within  engineering 
accuracy. 

The  starting  point  of  the  treatment  is  the  development  of  the 
properties  of  a  basic  circuit  consisting  of  a  straight  conductor  of  finite 
length  connected  at  its  terminals  to  a  parallel  leaky  conductor  or  track 
which  is  continuous  and  infinite.  The  circuit  involves  the  greatest 
degree  of  continuity  in  the  track,  subject  to  the  connection  of  other 

8  Presented  at  the  A.I.E.E.  Summer  Convention,  Cleveland,  Ohio,  June  20-24, 
1932.     To  be  published  in  AJ.E.E.  Transactions. 
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conductors,  since  the  only  discontinuities  are  those  involved  in  the 
connection  of  the  conductor  to  the  track;  it  is  also  conveniently  adapted 
to  modifications  for  discontinuities.  The  general  single  series  discon- 
tinuity is  a  fundamental  point  of  departure  in  the  treatment  of  such 
apparatus  as  track  booster  transformers.  The  basic  circuit  modified 
by  discontinuities  as  required  gives  directly  the  propulsion  circuit 
impedances  needed  in  the  railway  network  impedance  diagram;  it 
may  also  be  employed  in  the  construction  of  a  particular  kind  of 
cumulative  induction  curve  for  neighboring  communication  lines, 
which  takes  into  account  the  distribution  of  current  along  the  track. 
The  method  of  building  up  complex  propulsion  systems  from  basic 
circuits  is  illustrated  by  examples  chosen  for  their  practical  importance, 
but  the  paper  does  not  give  detailed  procedure  for  engineering  appli- 
cation of  the  method  and  its  results. 

Kennelly-Heaviside  Layer  Studies  Employing  a  Rapid  Method  of 
Virtual-Height  Determination.^  J.  P.  Schafer  and  W.  M.  Goodall. 
This  paper  describes  a  new  method  of  determining  the  virtual  height 
of  the  ionized  regions  by  visual  observations  of  the  received  pulse 
pattern  on  a  cathode  ray  oscillograph  tube,  both  for  single  frequencies 
and  for  two  frequencies  simultaneously.  A  resume  of  the  data  ob- 
tained during  observations  of  some  three  hundred  hours  is  given. 
The  frequencies  used  for  these  tests  were  1604  kc,  2398  kc,  3256  kc, 
4795  kc,  and  6425  kc.  A  number  of  the  tests  included  measurements 
made  upon  two  frequencies  in  rapid  rotation.  The  more  important 
results  may  be  summarized  as  follows: 

1.  On  a  large  number  of  occasions  during  the  night,  a  phenomenon 
has  been  observed  apparently  indicating  an  increase  in  the  density  of 
ionization  in  the  lower  layer.  This  is  important  because  the  ionization 
is  usually  assumed  to  decrease  during  the  night  hours. 

2.  Reflections  are  often  observed  simultaneously  from  both  ionized 
layers.     An  explanation  of  this  phenomenon  is  given. 

3.  The  virtual  heights  of  the  reflecting  layers  are  rarely  duplicated 
from  day  to  day  for  a  given  time  and  frequency. 

4.  Large  numbers  of  multiple  reflections  are  frequently  obtained 
representing  a  path  distance  of  over  5000  km.  for  the  last  reflection. 
This  fact  indicates  that  the  multiple-hop  mode  of  propagation  is 
probable  for  long-distance  transmission. 

The  Principles  of  the  Light  Valve.^^  T.  E.  Shea,  \V.  Herriott,  and 
W.  R.  Goehner.     The  light  valve  has  been  used  very  widely  as  the 
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modulating  device  in  systems  of  film  sound  recording.  In  this  paper 
the  principles  of  operation  of  the  light  valve  are  discussed,  and  those 
engineering  factors  which  prescribe  limitations  on  performance  and 
indicate  operating  advantages  are  described  in  detail.  The  type  of 
distortion  which  results  when  a  light  valve  is  overloaded  is  depicted 
both  for  single-plane  and  two-plane  valves.  Finally,  a  new  type  of 
light  valve  having  advantages  from  the  standpoints  of  weight,  size, 
and  stability  of  operation  is  described. 

Economic  Control  of  Quality  of  Manufactured  Product}^  W.  A. 
Shewhart.  This  book  of  501  pages  is  an  exposition  of  the  technique 
developed  within  the  Bell  Telephone  System  for  securing  economic 
control  of  quality  of  manufactured  product  at  every  stage  in  the 
process  of  fabrication  all  the  way  from  raw  materials  to  finished 
product.  It  is  divided  into  seven  parts,  the  first  of  which  is  devoted 
to  a  general  survey  of  the  characteristics  of  a  controlled  quality,  the 
scientific  basis  for  attaining  control,  and  the  economic  advantages  to 
be  derived.  In  the  second  part,  after  a  definition  of  what  is  meant  by 
quality,  the  methods  of  presenting  data  are  discussed  in  detail,  both 
graphically  and  by  means  of  statistics  such  as  the  average,  standard 
deviation,  skewness,  flatness,  and  correlation  coefficient.  Part  III 
presents  the  necessary  and  sufficient  conditions  for  the  specification 
of  a  controlled  quality.  The  allowable  sampling  fluctuations  in  sta- 
tistics are  indicated  in  the  next  part,  illustrated  by  experiments  made 
under  conditions  known  to  be  controlled.  This  part  constitutes  a 
survey  of  the  present  status  of  sampling  theory.  Part  V  takes  up 
the  problem  of  specifying  standard  quality  and  indicates  the  important 
changes  that  should  be  made  in  many  kinds  of  specifications  in  order 
to  secure  the  greatest  assurance  of  uniform  quality  at  minimum  cost. 
Five  practical  criteria  for  determining  whether  or  not  the  quality 
under  consideration  differs  from  standard  by  more  than  an  amount 
that  should  be  left  to  chance  are  presented  in  Part  VI.  In  Part  VII, 
after  a  summary  of  the  fundamental  principles,  consideration  is  given 
to  the  problem  of  sampling,  and  finally  a  control  program  is  presented 
which  shows  the  relation  of  control  to  research,  design,  development, 
production,  and  purchasing.  Several  appendices  give  the  original 
experimental  data  on  which  some  of  this  work  was  based  and  a  bibli- 
ography. Throughout  the  book  the  fundamental  principles  are  amply 
illustrated  by  practical  examples. 

11  Published  by  D.  Van  Nostrand  Company,  New  York,  1931. 
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The  Electrical  Discoveries  of  Joseph  Henry 

By  H.  S.  OSBORNE  and  A.  M.  BOWLING 

AX  historical  research  into  the  accomplishments  of  a  great  sci- 
entist, such  as  Henry,  includes  two  main  parts.  There  is  first 
the  proof,  based  upon  the  record,  that  he  accomplished  certain  things. 
This  being  an  affirmative  proof  can  be  quite  definite.  There  is  a 
second  step,  however,  which  is  of  interest  in  the  appraisal  of  his  work, 
namely,  showing  in  respect  to  what  items  he  was  first.  This  means  in 
effect  proving  that  in  respect  to  these  items  no  one  anticipated  him. 
Such  an  assertion,  being  a  universal  negative,  cannot  be  absolutely 
proved,  but  can,  of  course,  by  sufficient  work  be  shown  to  be  probable 
in  a  high  degree. 

The  student  of  Joseph  Henry's  work  is  hampered  in  the  number  of 
items  which  can  be  included  in  the  affirmative  proof  by  the  fact  that  no 
adequate  record  has  been  preserved.  Henry  was  slow  and  fragmen- 
tary in  publication  and  most  of  his  personal  records  were  destroyed  in  a 
fire  at  the  Smithsonian  Institution  in  1865.  While  his  publications 
and  the  testimony  of  others  who  saw  his  experiments  show  a  prodigious 
accomplishment,  it  is  probable  that  a  more  complete  record  would  have 
added  other  important  contributions  made  by  Henry  to  electrical 
science,  and  in  other  fields  of  scientific  work. 

When  one  attempts  to  appraise  Henry's  work  in  comparison  with 
that  of  his  contempories,  and  particularly  to  determine  in  what  cases 
Henry's  discoveries  were  prior  to  those  of  others,  the  difficulty  is  multi- 
plied. There  was  a  complete  lack  of  means  for  rapid  communication 
one  hundred  years  ago.  As  a  result  scattered  scientists  working  in  the 
same  field  often  independently  made  similar  discoveries  and  the 
scientific  journals  in  which  their  results  were  published  were  neither 
rapidly  nor  widely  distributed.  The  result  is  illustrated  by  the  fact 
that  so  fundamental  an  advance  as  Ohm's  law,  published  in  full  in  1827, 
was  little  known  or  accepted  even  in  Europe  for  a  decade. 

The  original  notes  of  the  scientific  investigators  are  for  the  most  part, 
with  the  outstanding  exception  of  Michael  Faraday,  not  available,  and 
credit  for  priority  of  discovery  has  generally,  by  common  consent,  been 
associated  with  priority  of  publication.  Even  at  the  time  there  were 
some  interesting  cases  in  Europe  where  conflicting  claims  of  priority 
were  made  and  the  implication  is  made  in  some  cases  that  the  scientific 
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accuracy  even  of  the  scientists  themselves  is  open  to  question  where 
matters  of  priority  are  concerned.     As  stated  by  Arago, 

"Those  who  discover  a  new  fact  in  the  sciences  of  observation  must  expect,  first, 
to  have  its  correctness  denied, — next  its  importance  and  utility  contested, — and 
afterwards  will  come  the  chapter  of  priority, — then,  passages,  obscure,  insignificant, 
and  previously  unnoticed,  will  be  brought  forward  in  crowds  as  affording  evident 
proofs  of  the  discovery  not  being  new."  ' 

One  hundred  years  later  the  determination  of  questions  of  priority  is 
still  difficult  and  it  is  small  wonder  the  different  writers  on  the  subject 
of  Joseph  Henry's  electrical  discoveries  have  not  always  been  in  com- 
plete agreement  as  to  the  items  for  which  priority  should  be  assigned  to 
Henry.  In  an  attempt  to  resolve  these  uncertainties  a  study  has  been 
made  of  the  published  accounts  of  the  more  important  discoveries  of 
Joseph  Henry  in  the  electrical  field  and  of  the  work  of  his  contempo- 
raries in  that  field.  Reference  has  been  made  to  the  original  of  the 
publications  cited  by  earlier  investigators  to  indicate  priority  or  lack  of 
priority  for  Henry's  work. 

The  results  of  this  study  are  given  below.  It  is  naturally  not  a 
complete  review  of  this  complicated  situation,  relating  as  it  does  only 
to  selected  items  of  Henry's  electrical  work  and,  furthermore,  other 
references  may  be  found  which  affect  the  conclusions  reached.  It  is 
believed,  however,  that  this  study  is  a  contribution  towards  a  more 
exact  appraisal  of  Joseph  Henry's  work,  and  if  it  is  of  assistance  to 
others  who  may  in  the  future  wish  to  carry  this  review  still  further,  it 
will  doubly  have  served  a  useful  purpose. 

In  the  selection  of  material  for  this  review  it  is  the  intention  to  in- 
clude in  it  the  discoveries  of  Joseph  Henry  which  are  the  more  impor- 
tant from  the  standpoint  of  subsequent  practical  applications  of 
electricity.  The  following  summary  indicates  briefly  what  these  dis- 
coveries were,  and  the  conclusions  in  each  case  resulting  from  this 
study.  The  somewhat  voluminous  reference  material  on  which  the 
conclusions  are  based  is  given  in  the  appendix  to  this  paper,  arranged 
under  the  same  numbered  headings  as  the  summary. 

Summary  of  Henry's  Discoveries  Included  in  This  Study 
1.  Construction  of  Electromagnets  {1829  and  1830) 

Henry  used  insulated  wire  for  the  winding  of  electromagnets  instead 
of  the  single  spiral  of  non-insulated  wire  which  had  previously  been 
used,  and  devised  windings  with  more  than  one  layer.  By  this  means 
he  was  able  to  increase  very  greatly  the  strength  of  electromagnets 
and  to  make  them  practicable  for  general  use.     His  form  of  construc- 

1  Meteorological  Essays  by  Francois  Arago,  London,  1855,  p.  291. 


tion  is  universal  for  electromagnets  today.  Insulated  wire  had  pre- 
viously been  applied  to  other  uses,  including  galvanometer  coils,  hut 
not  to  magnets. 

2.  Proportioning  of  Magnet  and  Battery  for  Maximum  Effect  {1830) 
Henry  pointed  out  that  the  coils  of  the  magnets  constructed  by  his 
method  could  be  made  up  either  of  one  very  long  wire  or  several  shorter 
ones,  showed  the  proper  relative  proportioning  of  magnet  and  battery 
for  maximum  effect  in  these  two  cases  and  pointed  out  that  the  intensity 
magnet  and  battery  were  suitable  for  operating  over  line  wires  of 
considerable  resistance,  while  the  quantity  magnet  and  battery  were 
suitable  for  local  circuits.  This  result  was  arrived  at  experimentally 
before  Henry  had  any  knowledge  of  Ohm's  law,  and  is  the  first  recog- 
nition of  the  necessity  for  properly  proportioning  the  impedance  of 
different  parts  of  an  electric  circuit  which  has  become  an  important 
quantitative  requirement  in  the  design  of  all  forms  of  electric  circuit, 
particularly  in  communication  circuits. 

3.  Electromagnetic  Motor  (1831) 

Henry  was  the  first  to  publish  a  description  of  an  electric  motor 
using  electromagnets  and  a  commutator.  This  motor  was  a  recipro- 
cating device,  therefore  quite  different  in  form  from  the  commercial 
motors  developed  later.  It  did,  however,  contribute  these  two  funda- 
mental elements  of  permanent  value  and  also  served  to  rouse  interest 
in  and  stimulate  work  on  the  problem  of  obtaining  mechanical  power 
from  electricity. 

The  question  has  been  raised  whether  Henry  w^as  not  anticipated 
by  Salvatore  dal  Negro  of  Padua,  who  made  a  similar  motor  ap- 
parently in  the  same  year.  While  the  evidence  on  this  point  is  some- 
what circumstantial,  it  seems  to  indicate  clearly  that  Henry  was  first 
in  publication.  It  is  probable  that  dal  Negro's  work  was  done  without 
knowledge  of  Henry's,  but  there  is  no  evidence  to  indicate  that  his 
motor  was  constructed  earlier  than  Henry's. 

4.  Telegraphy  {1831  and  1832) 
By  the  application  of  his  principles  of  proper  proportioning  of  mag- 
net winding,  battery  and  external  circuit  resistance,  Henry  produced 
the  first  telegraph  using  electromagnets  as  a  receiving  device.  The 
idea  of  using  galvanic  current  for  telegraphy  at  a  distance  had  pre- 
viously been  investigated  by  Barlow  and  later  the  control  of  electro- 
magnets at  a  distance  by  transmitting  current  over  a  line  wire  was 
investigated  by  W'heatstone  without  knowledge  of  Henr>''s  work  done 
five  years  earlier.     In  both  cases  the  project  was  rejected  as  impractic- 


able  because  of  their  lack  of  appreciation  of  this  principle  of  proper 
proportioning. 

Henry's  telegraph  included  an  "intensity"  battery,  a  line  wire  of 
more  than  one  mile  in  length  and  a  receiving  device  consisting  of  an 
electromagnet  with  polarized  armature  so  arranged  as  to  strike  a  bell 
when  reversals  of  current  were  sent.  The  use  of  the  electromagnet 
made  rapid  signaling  possible  and  has  formed  the  basis  of  practically 
all  subsequent  commercial  telegraph  de\'elopment.  He  was  also  the 
first  to  employ  audible  reception,  which  has  played  a  very  important 
part,  particularly  in  American  telegraph  practice. 

In  Henry's  later  telegraph  experiments  he  used  a  grounded  circuit 
which  has  played  a  very  important  part  in  telegraph  development. 
Grounded  circuits  had,  however,  been  used  before  Henry  in  experi- 
ments with  electric  telegraphs  of  other  types. 

In  1850  in  a  IMorse  patent  suit  a  claim  was  made  that  in  1830 
Abraham  Booth  from  Dublin  had  demonstrated  a  similar  electro- 
magnetic telegraph.  A  search  of  important  contemporary  publica- 
tions, however,  reveals  no  evidence  to  support  this  claim. 

5.  Electromagnetic  Induction  {1832) 

Faraday  and  Henry  both  independently  discovered  the  phenomena 
of  mutual  induction  and  of  self  induction.  On  the  basis  of  date  of 
publication  the  discovery  of  mutual  induction  is  properly  credited  to 
Faraday  (1831,  published  1832)  and  the  discovery  of  self  induction 
to  Henry  (1832).  The  determination  of  this  question  is  recognized 
in  the  official  adoption  by  the  International  Electrical  Congress  of  1893 
of  the  name  "henry"  for  the  practical  unit  of  inductance. 

It  is  interesting  to  note  that  in  1804  Vassal i-Eandi  observed  that  the 
shock  obtained  in  opening  a  long  circuit  was  greater  than  that  received 
by  merely  touching  the  battery  terminals.  While  this  fact  was  due 
to  the  self  inductance  of  a  circuit  this  observation  did  not  constitute 
an  anticipation  of  Henry,  as  no  thought  of  induction,  either  self  or 
mutual,  was  in  the  mind  of  the  investigator.  Also,  in  connection  with 
his  investigations  of  mutual  induction  in  1831,  Faraday  conceived 
that  conductors  might  have  the  property  of  self  inductance,  and 
carried  on  experiments  designed  to  detect  this  property.  His  experi- 
ments, however,  showed  a  negative  result. 

6.  Electromagnetic  Relay  {1835) 

Henry  first  discovered  and  demonstrated  the  principle  of  the  electro- 
magnetic relay.  The  relay  was  used  by  him  at  the  end  of  his  telegraph 
line  to  open  the  local  circuit  of  a  large  magnet  and  to  demonstrate 


the  possibility  of  producing  a  great  mechanical  effect  at  a  distance. 
This  invention  is,  of  course,  fundamental  to  the  operation  of  electrical 
systems  of  all  kinds:  telephone,  telegraph  and  electric  power. 

7 .  Non-inductive  Winding  {1835) 

Both  Henry  and  Faraday  devised  non-inductive  windings  in  con- 
nection with  their  experiments  on  self  induction.  Henry's  publication 
was,  however,  slightly  earlier  than  Faraday's.  The  non-inductive 
windings  so  described  are  fundamentally  the  same  in  principle  as 
those  now  used  for  resistance  coils  and  other  apparatus  where  self 
inductance  is  reduced  to  a  minimum. 

It  is  interesting  to  note  that  before  the  discovery  of  self  induction 
Faraday  constructed  for  use  in  certain  experiments  on  mutual  induc- 
tion an  apparatus  closely  parallel  to  the  non-inductive  winding, 
namely,  two  closely  associated  secondary  windings  connected  in  series 
opposing. 

8.   Transformer  {1838) 

While  both  Faraday  and  Henry  used  a  transformer  structure  in  their 
first  mutual  induction  experiments,  it  was  only  later  (1838,  published 
1839)  that  it  was  discovered  by  Henry  that  by  the  proper  proportioning 
of  the  coils  the  \-oltage  could  be  stepped  up  or  stepped  down  with  this 
structure.  This  is  fundamentally  the  basis  of  modern  electrical 
transformers. 

9.   Electromagnetic  Shielding  {1838) 

Henry  discovered  the  screening  effect  of  all  good  conducting  sub- 
stances interposed  between  two  coils,  i.e.  the  primary  and  secondary 
of  a  transformer.  After  publishing  his  results  Henry  learned  of 
Faraday's  results  published  at  about  the  same  time  purporting  to  show 
that  this  screening  effect  did  not  exist  except  with  magnetic  materials. 
Henry  thereupon  explained  the  reason  for  this  apparent  discrepancy 
and  reaffirmed  his  own  results. 

He  also  pointed  out  that  this  principle  has  an  important  bearing  on 
the  improvement  of  electrical  machinery,  and  explained  the  advantage 
which  had  been  found  by  using  bundles  of  wires  instead  of  solid  pieces 
of  iron,  i.e.  lamination. 

10.  Discoveries  Bearing  Particularly  on  Radio  Telegraphy  and  Telephony 

{1838  to  1842) 
Henry    (1838,    published    1839)    showed   the   variation   in   current 
induced  in  a  secondary  circuit  as  the  separation  between  primary  and 
secondary  is  varied.     This  is  the  principle  of  the  variometer  widely 
used  in  radio  work. 


Henry  then  (1842)  carried  his  investigations  to  considerable  dis- 
tances, producing  high  frequency  oscillating  currents  in  a  primary 
circuit  by  the  discharge  of  a  battery  of  Leyden  jars,  and  detecting  the 
result  in  secondary  circuits  at  a  distance  first  of  30  feet  and  then  of 
several  hundred  feet.  He  concluded  that  every  spark  of  electricity 
in  motion  exerts  inductive  effects  at  distances  indefinitely  great  and 
likened  the  propagation  of  this  effect  to  the  propagation  of  light  which 
he  surmised  was  merely  another  kind  of  wave  in  the  same  medium. 
It  is  an  extraordinary  fact  that  in  these  experiments  Henry  had  what 
would  now  be  considered  a  form  of  radio  transmitter  and  receiver,  and 
that  he  believed  the  results  to  be  produced  by  an  electromagnetic 
radiation  comparable  with  light.  This  was  25  years  before  the  work 
of  Maxwell  and  more  than  40  years  before  the  work  of  Hertz. 

Henry  is  sometimes  credited  with  having  discovered  the  oscillatory 
nature  of  the  discharge  of  the  Leyden  jar  (1842).  Felix  Savary, 
however,  in  1827  had  advanced  the  hypothesis  that  this  discharge  is 
oscillatory  in  order  to  explain  his  experimental  results.  Henry  re- 
peated Savary's  investigations  and  brought  about  the  acceptance  of 
Savary's  hypothesis  as  a  result  of  his  authoritative  affirmation  that 
this  hypothesis  was  correct. 

The  above  record  of  the  achievements  of  Joseph  Henry,  partial 
though  it  be,  is  the  more  impressive  in  consideration  of  the  difficulties 
under  which  Joseph  Henry  labored.  He  worked  in  a  frontier  country 
far  from  the  current  of  European  scientific  thought  and  with  only 
occasional  information  regarding  the  results  achieved  by  others. 
Furthermore,  in  his  early  years  his  work  was  limited  largely  to  summer 
vacations,  his  time  being  fully  occupied  by  teaching  during  the  school 
year.  His  financial^limitations  were  serious.  His  results  were  achieved 
by  great  industry  in  the  application  of  his  genius  for  practical  experi- 
mentation, his  inventive  insight,  his  power  for  exact  observation  and 
his  sense  of  perspective  and  proportion. 

APPENDIX 

References   Bearing  on   Henry's   Electrical  Discoveries 
1 .  Construction  of  Electromagnets 

a.   Use  of  Insulated  Wire 

Insulated  wire  was  used  before  Henry's  work  for  various  purposes 
including  electrostatic  telegraphs  and  galvanometers.  For  example, 
the  wire  of  the  coil  in  Schweigger's  galvanometer  as  made  by  Oersted 
was: 


".  .  .  wrapped  or  wound  round  throughout  its  whole  length,  in  silk  thread.  Thus 
all  electric  communication  is  avoided  between  the  different  parts  of  this  wire,  the 
turns  of  which  are  wound  one  over  or  above  the  other,  as  it  is  placed  in  the  groove  of 
the  frame."  - 

Insulated  wire  had  not  been  applied  to  magnets,  they  being  con- 
structed by  insulating  the  magnet  core  and  winding  on  it  a  single 
spiral  of  uninsulated  wire.  The  following  is  Henry's  first  description 
of  the  application  of  insulated  wire  to  magnets: 

"In  a  paper,  published  in  the  Transactions  of  the  Albany  Institute,  June,  1828,  I 
described  some  modifications  of  apparatus,  intended  to  supply  this  deficiency  of  Mr. 
Sturgeon  [weak  magnetic  effects],  by  introducing  the  spiral  coil  on  the  principle  of  the 
galvanic  multiplier  of  Prof.  Schweigger,  and  this  I  think  is  applicable  in  every  case 
where  strong  magnets  cannot  be  used.  .  .  .  Shortly  after  the  publication  mentioned, 
several  other  applications  of  the  coil,  besides  those  described  in  that  paper,  were 
made  in  order  to  increase  the  size  of  electro-magnetic  apparatus,  and  to  diminish  the 
necessary  galvanic  power.  The  most  interesting  of  these,  was  its  application  to  a 
development  of  magnetism  in  soft  iron,  much  more  extensively,  than  to  my  knowledge 
had  been  previously  effected  by  a  small  galvanic  element. 

"A  round  piece  of  iron,  about  1/4  of  an  inch  in  diameter,  was  bent  into  the  usual 
form  of  a  horse-shoe,  and  instead  of  loosely  coiling  around  it  a  few  feet  of  wire,  as  is 
usually  described,  it  was  tightly  wound  with  35  feet  of  wire,  covered  with  silk,  so  as 
to  form  about  400  turns;  .   .   .   ."  ^ 

The  nearest  approach  which  has  been  found  to  a  contemporary 
statement  indicating  possible  anticipation  by  others  is  the  following 
published  by  Silliman  in  his  journal  for  July,  1837: 

"Prof.  Moll,  of  Utrecht,  by  winding  insulated  wire  around  soft  iron,  imparted  to 
it  prodigious  magnetic  power,  so  that  a  horse  shoe  bar,  thus  provided,  and  connected 
with  a  galvanic  batter\-,  would  lift  over  one  hundred  pounds.  About  the  same  time, 
Mr.  Joseph  Henr>',  of  Albany,  now  Prof.  Henry,  of  Princeton  College,  by  a  new 
method  of  winding  the  wire,  obtained  an  almost  incredible  magnetic  force.  .  .  ." 

However,  reference  to  Moll's  own  account  of  his  work  published  in 
the  Edinburgh  Journal  of  Science  April-October,  1830,  and  copied  in 
Silliman'' s  Journal  for  January,  1831,  and  to  another  contemporary 
account  of  Moll's  work  gives  no  indication  of  his  having  used  insulated 
wire. 

Henry  also  used  other  insulating  materials.  In  SW,  \'ol.  1,  p.  48 
(1831),  he  acknowledged  Dr.  Beck's  suggestion  for  using  well  waxed 
cotton  instead  of  silk  thread  and  also  mentioned  Dr.  Beck's  experiments 
with  iron  bonnet  wire  "which,  being  found  in  commerce  already  wound, 
might  possibly  be  substituted  in  place  of  copper.  ..." 

In  1832  he  described  winding  the  armature  of  a  magnet  with  "A 
piece  of  copper  wire,  about  thirty  feet  long  and  covered  with  elastic 
varnish.  ...""*     In  this,  however,  he  was  anticipated  as  to  publication 

^  Electro- Magnetism  etc.,  Jacob  Green,  1827,  pp.  81-83. 
'SW,*  Vol.  1,  pp.  37-38;  paper  published  January,  1831. 
«SW,  Vol.  1   p.  75. 

*  Scientific  Writings  of  Joseph  Henry,  published  bv  the  Smithsonian  Institution 
in  1886. 


at  least  by  Professor  Hare  of  the  University  of  Pennsylvania,  who  in  a 
letter  of  February  24,  1831,  published  in  Silliman's  Journal  of  July 
1831,  stated  with  reference  to  wire  for  magnets,  "I  used  no  wrapping, 
but  merely  shell  lac  varnish,  applied  in  winding.  ..."  The  same  issue 
of  Sillimans  Journal  quotes  a  letter  from  Professor  J.  W.  Webster  of 
Harvard  of  February  7,  1831,  stating,  "In  constructing  the  magnetic 
apparatus,  there  is  considerable  economy  in  using  sealing  wax  instead 
of  silk." 
b.  Multiple  Layer  Windings 

In  1831  Henry  wrote  as  follows: 

"At  the  same  time  [1829  or  1830],  a  very  material  improvement  in  the  formation  of 
the  coil  suggested  itself  to  me,  on  reading  a  more  detailed  account  of  Prof.  Schweig- 
ger's  galvanometer,  and  which  was  also  tested  with  complete  success  upon  the  same 
horse-shoe;  it  consisted  in  using  several  strands  of  wire,  each  covered  with  silk,  in- 
stead of  one: — agreeably  to  this  construction,  a  second  wire,  of  the  same  length  as  the 
first,  was  wound  over  it,  and  the  ends  soldered  to  the  zinc  and  copper  in  such  a  manner 
that  the  galvanic  current  might  circulate  in  the  same  direction  in  both.   .  .   ."  ^ 

This  is  generally  acknowledged  to  be  the  first  publication  of  the  use 
of  this  important  improvement  in  magnet  construction. 

In  Henry's  early  work  the  windings  were  wound  directly  on  the 
magnet  core.  It  is  not  clear  whether  he  later  wound  up  coils  sepa- 
rately intended  to  be  applied  to  the  magnet  cores  after  winding.  This 
form  of  construction,  however,  was  used  by  Professor  Hare  as  early 
as  1831  in  making  the  Henry  type  magnets.  In  a  letter  of  March  4, 
1831,  he  described  in  detail  the  process  of  winding  the  coil  on  a  mandril 
and  later  slipping  it  over  the  core,  apparently  as  an  improvement  in 
construction  detail.^ 

2.  Proportioning  of  Magnet  and  Battery  for  Maximum  Effect 
Henry,  in  a  paper  published  January,  1831,  described  a  series  of 
experiments  instituted  jointly  with  Dr.  Philip  Ten  Eyck  for  the  pur- 
pose of  determining  how  the  type  of  magnet  and  battery  and  the  length 
of  the  interconnecting  wires  alifected  the  magnetic  force  produced. 
From  the  results  he  concluded  that: 

"From  these  experiments,  it  is  evident  that  in  forming  the  coil  we  may  either  use 
one  very  long  wire  or  several  shorter  ones  as  the  circumstances  may  require:  in  the 
first  case,  our  galvanic  combinations  must  consist  of  a  number  of  plates  so  as  to  give 
'  projectile  force';  in  the  second,  it  must  be  formed  of  a  single  pair."  " 

3.  Electromagnetic  Motor 

In  1821  Faraday  made  the  first  electric  motor,  the  action  of  which 

was  the  rotation  of  a  current-carrying  wire  around  the  pole  of  a  perma- 

6  SW,  Vol.  1,  p.  39. 

*  Silliman's  Journal,  July,  1831. 

'SW,  Vol.  1,  p.  42. 


nent  magnet.  This  was  followed  by  Barlow's  motoi"  in  which  a  si)iir- 
shaped  wheel,  with  current  flowin,y;  through  it  radially,  rotated  between 
the  poles  of  a  permanent  horse-shoe  magnet.  Henry,  in  an  undated 
letter  published  in  SUhmatis  Journ(il  in  July,  1831, ^  described  in  de- 
tail and  illustrated  an  electro-magnetic  rocker  arm  machine,  provided 
with  a  commutator.  This  letter  commences  with  the  following  state- 
ment: 

"Sir: — I  have  lately  succeeded  in  producing  motion  in  a  little  machine  by  a  power, 
which,  I  believe,  has  never  before  been  applied  in  mechanics — by  magnetic  attraction 
and  repulsion. 

"Not  much  importance,  however,  is  attached  to  the  invention,  since  the  article,  in 
its  present  state,  can  only  be  considered  a  philosophical  toy;  although,  in  the  progress 
of  discovery  and  iin-ention.  it  is  not  impossible  that  the  same  principle,  or  some  modi- 
fication of  it  on  a  more  extended  scale,  may  hereafter  be  applied  to  some  useful  pur- 
pose. But  without  reference  to  its  practical  utility,  and  only  viewed  as  a  new  effect 
produced  by  one  of  the  most  mysterious  agents  of  nature,  you  will  not,  perhaps, 
think  the  following  account  of  it  unworthy  of  a  place  in  the  Journal  of  Science." 

The  question  is  sometimes  raised  whether  Henry's  motor  was  not 
anticipated  by  a  similar  one  made  by  Salvatore  dal  Negro  of  Padua. 
A  review  of  the  original  publications  of  dal  Negro,  while  indicating  that 
he  independently  invented  a  motor  similar  to  Henry's,  seems  to  indi- 
cate clearly  that  his  dates  of  publication  were  later.  The  facts  are 
these : 

The  first  brief  description  of  dal  Negro's  motor  is  given  in  a  memoir 
entitled,  "New  Electro-magnetic  Experiments  and  Observations," 
published  in  Nuovi  Saggi  delta  Imperiale  Regia  Accademia  di  Scienze 
Lettere  ed  Arti  in  Padova,  Volume  HI,  1831.  This  volume  is  a  collec- 
tion of  papers  covering  the  years  1825-31,  inclusive,  and  is  one  of  a 
series  of  volumes  issued  at  irregular  intervals  of  3  to  8  years,  apparently 
for  the  purpose  of  providing  a  permanent  record.  This  volume  in- 
cludes the  statement  that  the  dal  Negro  paper  was  presented  before 
the  Academy  of  Padua  on  June  21  and  July  10,  1831.  There  is  no 
indication  how  much  later  than  this  the  volume  was  published,  al- 
though the  character  of  the  volume  and  the  other  evidence  in  this  case 
suggest  that  it  may  well  have  been  published  at  the  end  of  1831  or  later. 

In  this  memoir,  parts  1  to  3  inclusive,  comprising  16  pages  and  a 
plate  of  illustrative  figures,  describe  batteries  and  magnets.  Part  4, 
only  one  page  in  length,  with  no  figures,  describes  the  motor  very 
briefly  as  follows: 

"Part  4 — A  New  Electro-magnetic  Motor 

Having  succeeded  in  building  temporary  magnets  capable  of  holding  up  consider- 
able weights  by  means  of  electromotors  [batteries]  of  very  moderate  size  and  therefore 
of  very  small  cost,  I  have  engaged  myself  in  the  study  of  the  way  of  employing  this 
new  force  towards  setting  in  motion  a  machine  of  any  sort,  and  now  1  am  about  to 

s  S\V,  Vol.  1,  p.  54. 


outline  briefly  to  you,  illustrious  members  of  the  Academy,  the  various  manners  which 
I  have  devised  for  putting  a  lever  into  motion. 

1.  The  first  lever  I  have  set  in  motion  consists  of  a  magnetized  steel  bar,  set 
vertically  between  the  ends  of  a  temporary  magnet.  The  bar  oscillates  in  response  to 
succeeding  magnetic  attractions  and  repulsions  which  take  place  between  the  S  pole 
of  the  bar  and  the  S  and  N  poles  of  the  temporary  magnet,  which  poles  are  continually 
reversed  by  the  same  lever.  By  means  of  the  same  contrivance  the  lever  can  be  made 
to  oscillate  in  a  hori^^ontal  plane. 

2 " 

The  rest  of  part  4  deals  in  a  general  way  with  other  methods  of  produc- 
ing motion  by  the  use  of  electro-magnets  and  is  not  of  interest  in  this 
discussion. 

A  bi-monthly  publication  entitled  Annali  delle  Scienze  del  Regno 
Lombardo — Veneto,  Padova,  in  its  issue  of  July-August  1831,  gives  a 
review  of  the  presentation  of  the  dal  Negro  paper  before  the  Academy 
of  Padua.  This  review,  which  is  more  than  a  thousand  words  long, 
covers  very  completely  the  subject  matter  of  the  first  three  parts  of 
dal  Negro's  paper.  It  makes  no  mention  whatever  of  the  new  electro- 
magnetic motor.  Since  the  description  of  the  motor  appears  to  be  the 
most  novel  and  interesting  part  of  the  paper  as  finally  published,  the 
omission  of  any  mention  of  it  in  the  published  review  naturally  raises 
a  question  whether  the  description  of  the  motor  w^as  a  part  of  the  paper 
as  originally  presented. 

Furthermore,  in  the  November-December  1831  issue  of  Annali  delle 
Scienze  the  first  three  parts  of  dal  Negro's  paper  are  published,  but  not 
the  fourth  part.  In  this  there  is  no  reference  to  the  electro-magnetic 
motor  except  the  following  statement  in  the  introductory  part,  given 
as  one  of  the  reasons  for  presenting  the  paper : 

"4.  Finally,  because  I  hope  to  have  enriched  physics  with  a  new  motor,  having 
succeeded  in  putting  into  motion  in  various  manners  a  lever,  taking  advantage  of  the 
strength  of  temporary  magnets." 

The  article  is  marked  "to  be  continued, "  which  suggests  that  it  was  the 
intention  to  add  in  a  later  issue  a  description  of  the  electro-magnetic 
motor  mentioned  in  the  introduction.  However,  a  review  of  subse- 
quent issues  fails  to  reveal  any  publication  of  part  4. 

The  above  evidence  indicates  that  the  brief  description  of  dal  Negro's 
motor  mentioned  above  probably  was  not  published  before  the  end  of 
1831,  and  raises  considerable  doubt  whether  it  was  included  in  the 
original  draft  of  dal  Negro's  paper  presented  before  the  Academy  in 
June  and  July,  particularly  in  view  of  the  lack  of  any  mention  of  this 
part  of  the  paper  in  the  very  full  report  of  the  meeting  published  in 
August. 

The  first  full  description  of  dal  Negro's  machine  was  published  in  the 
Annali  delle  Scienze  for  March  and  April  1834.  This  paper  includes 
the  following  footnote : 
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"  This  new  instrument  was  made  bv  me  in  the  year  1831  and  I  have  already  men- 
tioned this  in  the  fourth  part  of  my  first  memoir  on  temporary  magnetism  which  I 
published  in  volume  VI  of  the  Atti  dell'  Accademia  di  Scienze,  Lettere  ed  Arti  dt 
Padova."  [The  volume  number  appears  to  be  an  inaccurate  reference  to  volume  III 
of  Nuovi  Saggi,  etc.  as  indicated  above.] 

4.  Telegraphy 
In  1831,  following  the  description  of  the  experiments  which  led  to 
his  discovery  of  the  proper  proportioning  of  the  battery  and  the  mag- 
net, Henry  stated : 

"But  be  this  as  it  may,  the  fact,  that  the  magnetic  action  of  a  current  from  a 
trough  is,  at  least,  not  sensibly  diminished  by  passing  through  a  long  wire,  is  directly 
applicable  to  Mr.  Barlow's  project  of  forming  an  electro-magnetic  telegraph.  .  .  .     « 

Henry  later  corrected  this  reference  to  Barlow  since  Barlow's  investi- 
gation merely  tended  to  disprove  the  possibility  of  the  telegraph.  Bar- 
low's statement  regarding  the  telegraph  was: 

"  In  a  very  early  stage  of  electro-magnetic  experiments,  it  had  been  suggested,  that 
an  instantaneous  telegraph  might  be  established  by  means  of  conducting  wires  and 
compasses.  The  details  of  this  contrivance  are  so  obvious,  and  the  principles  on 
which  it  is  founded  so  well  understood,  that  there  was  only  one  question  which  could 
render  the  result  doubtful,  and  this  was,  Is  there  any  diminution  of  effect  by  lengthen- 
ing the  conducting  wire?  ...  I  was,  therefore,  induced  to  make  the  trial,  but  I 
found  such  a  sensible  diminution  with  only  200  feet  of  wire,  as  at  once  to  convince  me 
of  the  impracticability  of  the  scheme."  '" 

Even  as  late  as  1837,  Wheatstone  in  England  had  satisfied  himself 

by  experiment  that  the  development  of  electro-magnetism  in  soft  iron 

at   a   distance   was   impracticable.     Cooke   had   sought   to   develop 

magnetism  at  a  distance  for  the  purpose  of  sounding  an  alarm.     His 

experiments  were  unsatisfactory  and  on  asking  advice  of  Faraday  and 

Roget    was    referred    by    the    latter    to    Wheatstone.     Wheatstone's 

statement  was: 

"  I  believe,  but  am  not  quite  sure,  that  it  was  on  the  1st  of  March  1837,  that  Mr. 
Cooke  introduced  himself  to  me.  .  .  .  Mr.  Cooke  [later]  showed  me  some  of  his 
drawings  and  models,  and  though  I  could  not  fully  comprehend  the  full  scope  of 
them  at  the  time,  I  saw  and  understood  enough  to  assure  me  that  his  instrument  was  a 
massive  complicated  piece  of  machinery,  intended  to  be  set  in  action  by  the  attractive 
power  of  an  electro-magnet.  On  seeing  this,  and  relying  on  my  former  experience.  I 
at  once  told  Mr.  Cooke  that  it  would  not  and  could  not  act  as  a  telegraph,  because 
sufficient  attractive  power  could  not  be  imparted  to  an  electro-magnet  interposed 
in  a  long  circuit;  and  to  convince  him  of  the  truth  of  this  assertion,  I  invited  him  to 
King's  College,  to  see  the  repetition  of  the  experiments  on  which  my  conclusion  was 
founded.  He  came,  and  after  seeing  a  variety  of  voltaic  magnets,  which  even  with 
powerful  batteries  exhibited  only  slight  adhesive  attraction,  he  expressed  his  dis- 
appointment in  these  words,  which  I  well  remember,  'Here  is  two  years'  labour 
wasted.' "  ^^ 

Henry  in  1831  or  1832  at  Albany  acted  on  his  own  suggestion  as  to 

9  SW.  Vol.  1,  p.  42. 

1"  Edinburgh  Philosophical  Journal,  Jan.-Apr.  1825. 

11  The  Electric  Telegraph:  Was  It  Invented  by  Professor  Wheatstone?,  by  W.  F. 
Cooke,  Part  2,  pp.  86-87. 
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the  applicability  of  his  discovery  to  the  electro-magnetic  telegraph 
At  that  time  he  published  no  description  of  his  experiments,  but  did  so 
a  number  of  years  later.     There  are  also  accounts  of  several  eye- 
witnesses to  them,  the  following  from  a  letter  of  James  Hall  to  Henry, 
January  19,  1856. 

"While  a  student  of  the  Rensselaer  School,  in  Troy,  New  York,  in  August,  1832,  I 
visited  Albany  with  a  friend,  having  a  letter  of  introduction  to  you  from  Professor 
Eaton.  Our  principal  object  was  to  see  your  electro-magnetic  apparatus,  of  which  we 
had  heard  much,  and  at  the  same  time  the  library  and  collections  of  the  Albany 
Institute. 

"You  showed  us  your  laboratory  in  a  lower  story  or  basement  of  the  building, 
and  in  a  larger  room  in  an  upper  story  some  electric  and  galvanic  apparatus,  with 
various  philosophical  instruments.  In  this  room,  and  extending  around  the  same, 
was  a  circuit  of  wire  stretched  along  the  wall,  and  at  one  termination  of  this,  in  the 
recess  of  a  window,  a  bell  was  fixed,  while  the  other  extremity  was  connected  with  a 
galvanic  apparatus. 

"You  showed  us  the  manner  in  which  the  bell  could  be  made  to  ring  by  a  current 
of  electricity,  transmitted  through  this  wire,  and  you  remarked  that  this  method 
might  be  adopted  for  giving  signals,  by  the  ringing  of  a  bell  at  the  distance  of  many 
miles  from  the  point  of  its  connexion  with  the  galvanic  apparatus."  '- 

And  Dr.  Orlando  Meads,  a  former  student  of  the  Albany  Academy,  in 
1863  in  a  discourse  commemorating  an  anniversary  of  the  Academy, 
thus  referred  to  the  scenes  he  had  witnessed  one-third  of  a  century 
before : 

"The  older  students  of  the  Academy  in  the  years  1830,  1831,  and  1832,  and  other? 
who  witnessed  his  experiments  which  at  that  time  excited  so  much  interest  in  this 
city,  will  remember  the  long  coils  of  wire  which  ran  circuit  upon  circuit  for  more  than 
a  mile  in  length  around  one  of  the  upper  rooms  in  the  Academy,  for  the  purpose  of 
illustrating  the  fact  that  a  galvanic  current  could  be  transmitted  through  its  whole 
length  so  as  to  excite  a  magnet  at  the  farther  end  of  the  line,  and  thus  move  a  steel 
bar  which  struck  a  bell."  ^^ 

Henry  had  two  applications  of  his  electro-magnets  in  mind:  first, 
the  production  of  a  machine  to  be  moved  by  electro-magnetism  and, 
second,  the  transmission  of  or  calling  into  action  power  at  a  distance. 

"...  for  the  purpose  of  experimenting  in  regard  to  the  second,  I  arranged  around 
one  of  the  upper  rooms  in  the  Albany  Academy  a  wire  of  more  than  a  mile  in  length, 
through  which  I  was  enabled  to  make  signals  by  sounding  a  bell."  ^^ 

Henry  later  used  the  grounded  circuit,  another  close  parallel  to  the 
form  taken  in  the  practical  development  of  the  telegraph.  This 
principle,  however,  had  been  used  years  earlier  in  electrostatic  tele- 
graphs and  in  firing  gun  powder  at  a  distance,  e.g.,  by  Cavallo  in 
1794-5  and  Salva  in  1798.^^ 

^''Annual  Report  Smithsonian  Institution  1857,  p.  96. 

13  A  Memorial  of  Joseph  Henry,  published  by  Order  of  Congress.  1880,  p.  380. 
"  SW,  Vol.  2,  p.  434,  1857. 

^^  A  Historv  of  Electric  Telegraphy  to  the  Year  1837,  bv  J.  J.  Fahie,  1884,  pp.  99 
and  108. 
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In  the  case  of  Smith  vs.   1  )()\vinns,  a  telegraph  infringement  suit 

tried  at  Boston  in  1850,  a  witness,  Oliver  Byrne  by  name,  made  the 

following  statement. 

"In  the  year  1830,  I  attended  the  public  lectures  of  Abraham  Hooth  fafterward 
scientific  reporter  for  the  Times  newspaper,  and  who  became  Dr.  Booth),  delivered  in 
Dublin,  among  other  subjects,  on  electricity  and  electro-magnetism.  In  said  lec- 
tures, the  said  Booth,  in  my  presence,  used  in  combination  a  long  circuit  of  insulated 
wire  conductors,  or  galvanic  battery,  an  electro-magnet  with  an  armature  and  mer- 
cury cups  to  join  and  disjoin  the  circuit,  with  which  he  magnetized  and  demagnetized 
the  iron  of  the  electro-magnet,  causing  it  to  attract  the  armature  when  the  circuit  was 
joined,  and  to  recede  from  it  when  disjoined.  Mr.  Booth,  at  that  time,  stated  to  his 
audiences  that  that  power  could  be  produced  and  used  at  distant  places,  as  signs  of 
information;  and  he  repeatedly  illustrated  what  he  meant,  by  causing  the  armature  to 
approach  the  magnet,  and  then  to  fall  from  it  on  the  floor,  stating  at  the  same  time 
that  it  made  marks  by  so  falling."  "^ 

A  search  was  made  of  various  indices  and  publications,  including  The 

Royal  Society  Catalogue  of  Scientific  Papers,  1800-1863;  Transactions 

of  Royal  Irish  Academy,  1786-1886;  Royal  Dublin  Society  Catalogue, 

1731-1839,  by  J.  F.  Jones;  British  Museum  Catalogue;  Glazebrook's 

Dictionary  of  Applied  Physics;  J.J.  Fahie's  History  of  the  Telegraph, 

previously  referred  to;  and  William  B.  Taylor's  An  Historical  Sketch 

of  Henry  s  Contribution  to  the  Electro- Magnetic  Telegraph,  1879.     No 

further  report  or  particulars  of  Abraham  Booth's  work,  aside  from  the 

same  quotation  in  Fahie's  book,  was  found  to  support  the  statement 

and  it  is  not  therefore  considered  to  constitute  adequate  evidence  of 

anticipation  of  Henry. 

5.  Electromagnetic  Induction 

Henry's  first  description  of  his  experiments  on  self-induction  is 
included  in  his  paper  in  Sillimans  Journal  of  July,  1832.  After  de- 
scribing experiments  on  mutual  induction  he  proceeded  with  the 
following : 

"  I  have  made  several  other  experiments  in  relation  to  the  same  subject,  but  which 
more  important  duties  will  not  permit  me  to  verify  in  time  for  this  paper.  I  may 
however  mention  one  fact  w^hich  I  have  not  seen  noticed  in  any  work,  and  which  ap- 
pears to  me  to  belong  to  the  same  class  of  phenomena  as  those  before  described;  it  is 
this:  when  a  small  battery  is  moderately  excited  by  diluted  acid,  and  its  poles  which 
should  be  terminated  by  cups  of  mercury,  are  connected  by  a  copper  wire  not  more 
than  a  foot  in  length,  no  spark  is  perceived  when  the  connection  is  either  formed  or 
broken;  but  if  a  wire  thirty  or  forty  feet  long  be  used  instead  of  the  short  wire,  though 
no  spark  will  be  perceptible  when  the  connection  is  made,  yet  when  it  is  broken  by 
drawing  one  end  of  the  wire  from  its  cup  of  mercury,  a  vivid  spark  is  produced.  If 
the  action  of  the  battery  be  very  intense,  a  spark  will  be  given  by  the  short  wire;  in 
this  case  it  is  only  necessary  to  wait  a  few  minutes  until  the  action  partially  subsides, 
and  until  no  more  sparks  are  given  from  the  short  wire;  if  the  long  wire  be  now  substi- 
tuted a  spark  will  again  be  obtained.  The  etTect  appears  somewhat  increased  by  coil- 
ing the  wire  into  a  helix;  it  seems  also  to  depend  in  some  measure  on  the  length  and 
thickness  of  the  wire.  I  can  account  for  these  phenomena  only  by  supposing  the 
long  wire  to  become  charged  with  electricity,  which  by  its  re-action  on  itself  projects 
a  spark  when  the  connection  is  broken."  i" 

^^  Historical  Sketch  of  the  Electric  Telegraph,  by  Alexander  Jones,  1852,  p.  c,2. 

"SW,  Vol.  1,  p.  79. 
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Faraday's  first  communication  on  self-induction,  in  the  Philosophical 
Magazine  of  November,  1834,  does  not  state  the  matter  very  clearly. 
A  more  detailed  paper  read  before  the  Royal  Society  on  January  29, 
1835,  clearly  presents  the  matter,  including  the  following  quotation: 

"The  case,  therefore,  of  the  bright  spark  and  shock  on  disjunction  may  now  be 
stated  thus:  If  a  current  be  established  in  a  wire,  and  another  wire,  forming  a  complete 
circuit,  be  placed  parallel  to  the  first,  at  the  moment  the  current  in  the  first  is  stopped 
it  induces  a  current  in  the  same  direction  in  the  second,  the  first  exhibiting  then  but  a 
feeble  spark;  but  if  the  second  wire  be  away,  disjunction  of  the  first  wire  induces  a 
current  in  itself  in  the  same  direction,  producing  a  strong  spark.  The  strong  spark 
in  the  single  long  wire  or  helix,  at  the  moment  of  disjunction,  is  therefore  the  equiva- 
lent of  the  current  which  would  be  produced  in  a  neighbouring  wire  if  such  second 
current  were  permitted."  ^* 

It  is  interesting  to  note  that  Faraday  ascribed  the  momentary  char- 
acter of  the  induced  current  in  a  secondary  conductor  to  the  develop- 
ment in  that  conductor  of  an  "electro-tonic"  state,  which  tended  to 
oppose  the  flow  of  current.  The  following  interesting  statement  is 
made  in  a  paper  read  on  November  24,  1831: 

"The  current  of  electricity  which  induces  the  electro-tonic  state  in  a  neighbouring 
wire,  probably  induces  that  state  also  in  its  own  wire;  for  when  by  a  current  in  one 
wire  a  collateral  wire  is  made  electro-tonic,  the  latter  state  is  not  rendered  any  way 
incompatible  or  interfering  with  a  current  of  electricity  passing  through  it  (62).  If, 
therefore,  the  current  were  sent  through  the  second  wire  instead  of  the  first,  it  does 
not  seem  probable  that  its  inducing  action  upon  the  second  would  be  less,  but  on  the 
contrary  more,  because  the  distance  between  the  agent  and  the  matter  acted  upon 
would  be  very  greatly  diminished."  " 

Faraday  then  quoted  experiments  on  an  electrical  conductor  designed 
to  detect  "a  return  current  .  .  .  due  to  the  discharge  of  its  supposed 
electro-tonic  state."  These  experiments  were,  however,  unsuccessful. 
In  view  of  the  failure  of  the  experiments,  these  speculations  are  not 
considered  to  constitute  an  anticipation  of  the  discovery  of  self-induc- 
tion made  by  both  Henry  and  Faraday  at  a  later  date. 

Another  reference  which  is  of  interest  regarding  early  observations 
of  self-induction  is  the  following  published  in  the  Philosophical  Mag- 
azine in  1804  under  the  heading  "Intelligence  and  Miscellaneous 
Articles." 

"  Velocity  of  the  Galvanic  Fluid 

"  Vassali-Eandi  has  lately  made  some  experiments  on  this  subject,  as  Beccaria  did 
in  regard  to  the  velocity  of  the  electric  fluid.  The  fluid  of  a  pile  of  twenty-five  pairs  of 
plates  traversed  in  a  second  thirteen  metres  (forty-two  feet  and  a  half)  of  gold  cord. 
In  another  experiment  with  a  pile  of  fifty  pairs,  the  fluid  passed  along  a  copper  wire 
plated  with  silver,  three  hundred  and  fifty-four  metres  (1151  feet)  in  length,  in  a  time 
incommensurable:  the  shock  in  this  case  was  three  times  as  strong  as  that  experienced 
by  immediately  touching  the  two  extremities  of  the  pile."  -" 

i«  Experimental  Researches  in  Electricity  by  ?^Iichael  Faraday,  Volume  1,  paragraph 
1092. 

^^Experimental  Researches,  Volume  1,  paragraph  /4. 
20  Volume  18,  p.  374. 
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It  appears  that  the  experimenter  observed  the  phenomenon  of  mo- 
mentary high  voltage  produced  by  the  "extra  current"  later  ob- 
served by  Henry,  but  that  it  was  in  no  sense  an  anticipation  of  the 
discovery  of  self-induction  since  it  was  not  so  interpreted,  no  thought 
of  induction,  self  or  mutual,  being  in  the  mind  of  the  experimenter. 

Henry's  first  publication  on  mutual  induction  was  in  Silliman's 
Journal,  July,  1832.  He  mentioned  having  seen  a  short  account  of 
Faraday's  work  and  the  method  he  used,  saying: 

"Before  having  any  knowledge  of  the  method  given  in  the  above  account,  I  had 
succeeded  in  producing  electrical  effects  in  the  following  manner,  which  differs  from 
that  employed  by  Mr.  Faraday,  and  which  appears  to  me  to  develop  some  new  and 
interesting  facts."  ^' 

He  then  described  his  experiment,  which  consisted  in  opening  and 
closing  the  circuit  of  an  electro-magnet  and  noting  the  effect  on  a  galva- 
nometer connected  to  a  coil  wound  around  the  armature  of  the  magnet. 

Faraday  read  a  detailed  paper  November  24,  1831,  on  mutual  induc- 
tion, this  appearing  in  Philosophical  Transactions,  1832.  The  account 
Henry  saw  was  the  proceedings  of  the  Royal  Institution  as  reported 
in  the  Philosophical  Magazine  for  April  1832,  as  follows: 

"Feb.  17. — Mr.  Faraday  gave  an  account  of  the  first  two  parts  of  his  recent  re- 
searches in  electricity;  namely,  volta-electric  induction,  and  magneto-electric 
induction. 

If  two  wires,  A  and  B,  be  placed  side  by  side,  but  not  in  contact,  and  a  voltaic 
current  be  passed  through  A,  there  is  instantly  a  current  produced,  by  induction,  in  B, 
in  the  opposite  direction.  ...  If  a  wire  connected  at  both  extremities  with  a  gal- 
vanometer be  coiled,  in  the  form  of  a  helix,  around  a  magnet,  no  current  of  electricity 
takes  place  in  it.  .  .  .  But  if  the  magnet  be  withdrawn  from  or  introduced  into  such  a 
helix,  a  current  of  electricity  is  produced  rohilst  the  magnet  is  in  motion,  and  is  rendered 
evident  by  the  deflection  of  the  galvanometer.  .  .  .  Thus  is  obtained  the  result  so 
long  sought  after, — the  conversion  of  magnetism  into  electricity."  - 

6.  Electromagnetic  Relay 

The  date  of  Henry's  first  electro-magnetic  relay  is  generally  given 

as  1835.     It  was  made  at  Princeton  (where  he  went  towards  the  end 

of  1832)  after  he  became  settled  in  his  duties  there,  and  before  he  went 

to  England  in  1837.     Edward  N.  Dickerson,^^  a  Princeton  student  in 

1839,  said  that  Henry  put  his  relay  in  operation  at  Princeton  in  1835. 

Henry's  earliest  description  of  the  relay,  from  a  deposition  of  1849,  is  as 

follows : 

"In  February,  1837,  I  went  to  Europe;  and  early  in  April  of  that  year  Prof. 
Wheatstone,  of  London,  in  the  course  of  a  visit  to  him  in  King's  College,  London, 
with  Prof.  Bache,  now  of  the  Coast  Surrey,  explained  to  us  his  plans  of  an  electro- 
magnetic telegraph;  and,  among  other  things,  exhibited  to  us  his  method  of  brmgmg 

21  SW,  Vol.  1,  p.  75. 

"^"■Philosophical  Magazine,  April,  1832,  pp.  300-301. 

"  Joseph  Henry  and  the  Atagnetic  Telegraph:  An  Address  by  Edward  N.  Dicker  son, 
LL.D.,  1885. 
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into  action  a  second  galvanic  circuit.  ...  I  informed  him  that  I  had  devised  another 
method  of  producing  effects  somewhat  similar.  This  consisted  in  opening  the 
circuit  of  my  large  quantity  magnet  at  Princeton,  when  loaded  with  many  hundred 
pounds  weight,  by  attracting  upward  a  small  piece  of  moveable  wire,  with  a  small 
intensity  magnet,  connected  with  a  long  wire  circuit.  When  the  circuit  of  the  large 
battery  was  thus  broken  by  an  action  from  a  distance,  the  weights  would  fall,  and 
great  mechanical  effect  could  thus  be  produced,  such  as  the  ringing  of  church  bells 
at  a  distance  of  a  hundred  miles  or  more,  an  illustration  which  I  had  previously 
given  to  my  class  at  Princeton.  .  .  .  The  object  of  Prof.  Wheatstone,  as  I  under- 
stood it,  in  bringing  into  action  a  second  circuit,  was  to  provide  a  remedy  for  the 
diminution  of  force  in  a  long  circuit.  My  object,  in  the  process  described  by  me,  was 
to  bring  into  operation  a  large  quantity  magnet,  connected  with  a  quantity  battery 
in  a  local  circuit,  by  means  of  a  small  intensity  magnet,  and  an  intensity  battery  at 
a  distance."  " 

Under  date  of  March  16,  1857,  Henry  transmitted  to  the  Board  of 
Regents  of  the  Smithsonian  Institution  a  "statement  in  relation  to  the 
history  of  the  electro-magnetic  telegraph"  for  the  investigation  of  their 
special  committee.  Referring  in  his  letter  to  his  1849  deposition  he 
stated : 

"  My  testimony  was  given  with  the  statement  that  I  was  not  a  willing  witness,  and 
that  I  labored  under  the  disadvantage  of  not  having  access  to  my  notes  and  papers, 
which  were  in  Washington.  The  testimony,  however,  I  now  reaffirm  to  be  true  in 
every  essential  particular."  ^^ 

As  a  result  of  its  investigations  the  Committee  reported  as  follows: 

"We  have  shown  .  .  .  that  Mr.  Henry's  deposition  of  1849  ...  is  strictly  cor- 
rect in  all  the  historical  details,  and  that,  so  far  as  it  relates  to  Mr.  Henry's  own  claim 
as  a  discoverer,  it  is  within  what  he  might  have  claimed  with  entire  justice.  .  .  . "  ^^ 

7.  Non-inductive  Winding 
The  earliest  reference  to  the  use  of  the  non-inductive  winding  by 
Henry  was  in  a  verbal  communication  made  by  him  January  16,  1835, 
before  the  American  Philosophical  Society,  a  report  on  which  was 
published  March,  1835.  He  described  it  in  more  detail  in  a  paper 
read  February  6,  1835,  as  follows: 

"One  of  these  ribbons  was  next  doubled  into  two  equal  strands,  and  then  rolled 
into  a  double  spiral  with  the  point  of  doubling  at  the  centre.  By  this  arrangement 
the  electricity,  in  passing  through  the  spiral,  would  move  in  opposite  directions  in  each 
contiguous  spire,  and  it  was  supposed  that  in  this  case  the  opposite  actions  which 
might  be  produced  would  neutralize  each  other.  The  result  was  in  accordance  with 
the  anticipation;  the  double  spiral  gave  no  spark  whatever,  while  the  other  ribbon 
coiled  into  a  single  spiral  produced  as  before  a  loud  snap.  Lest  the  effect  might  be 
due  to  some  accidental  touching  of  the  different  spires,  the  double  spiral  was  covered 
with  an  additional  coating  of  silk,  and  also  the  other  ribbon  was  coiled  in  the  same 
manner;  the  effect  with  both  was  the  same."  -" 

Faraday,  in  his  paper  read  before  the  Royal  Society  January  29, 

^*  Annual  Report  of  Smithsonian  Institution,  1857,  pp.  111-112. 
^^  Annual  Report  of  Smithsonian  Institution  1857,  p.  87. 
^^  Annual  Report  of  Smithsonian  Institution  1857,  p.  98. 
"  SW,  Vol.  1,  p.  94. 
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1835,  and  published  in  the  Philosophical  Transactions  of  that  year, 
described  the  non-inductive  winding  as  follows: 

"Thus,  if  a  long  wire  be  doubled,  so  that  the  current  in  the  two  halves  shall  have 
opposite  actions,  it  ought  not  to  give  a  sensible  spark  at  the  moment  of  disjunction: 
and  this  proved  to  be  the  case,  for  a  wire  forty  feet  long,  covered  with  silk,  being 
doubled  and  tied  closely  together  to  within  four  inches  of  the  extremities,  when  used 
in  that  state,  gave  scarcely  a  perceptible  spark;  .   .  .  ."'-'* 

Prior  to  this  discovery  Faraday  in  1832  had  constructed  for  use  in 
certain  experiments  on  mutual  induction  an  apparatus  closely  parallel 
to  the  non-inductive  winding,  namely,  two  secondary  windings  twisted 
about  each  other  to  associate  them  as  closely  as  possible  and  then 
wound  in  the  form  of  a  helix.  With  these  windings  connected  in 
series  opposing,  he  found  no  mutual  inductive  effect.^^ 

8.  Transformer 
In  Henry's  article,  "On  Electro-Dynamic  Induction,"  read  Novem- 
ber 2,  1838,  and  published  the  following  year,  after  referring  to  Fara- 
day's discovery  of  mutual  induction  he  stated: 

"Since  then  however  attention  has  been  almost  exclusively  directed  to  one  part  of 
the  subject,  namely,  the  induction  from  magnetism,  and  the  perfection  of  the  magneto- 
electrical  machine:  and  I  know  of  no  attempts,  except  my  own,  to  review  and  extend 
the  purely  electrical  part  of  Dr.  Faraday's  admirable  discovery."  ^' 

The  experiments  bearing  on  the  transformer  he  partially  summa- 
rized as  follows: 

"This  experiment  was  considered  of  so  much  importance,  that  it  was  varied  and 
repeated  many  times,  but  always  with  the  same  result;  it  therefore  establishes  the 
fact  that  an  '  intensity '  current  can  induce  one  of '  quantity,'  and,  by  the  preceding  experi- 
ments, the  converse  has  also  been  shown,  that  a  'quantity'  current  can  induce  one  of 
'ititensity.' "  ^^ 

9.  Electromagnetic  Shielding 

Both  Henry  and  Faraday  made  extensive  experiments  of  the  effect 
of  non-magnetic  shields  on  induction  between  primary  and  secondary 
coils.  That  the  important  screening  effect  was  observed  by  Henry 
seems  to  have  been  due  to  his  method  of  observation  which  indicated 
instantaneous  or  peak  voltages,  in  contrast  to  Faraday's  which  gave 
only  a  measure  of  the  total  quantity  of  induced  electric  displacement. 

Prior  to  his  work  on  electro-magnetic  shielding,  Henry  knew^  of  the 
discovery  of  magnetic  rotation  by  Arago  and  of  the  various  experiments 
by  Herschel,  Babbage  and  Harris.  These  experiments  had  shown  that 
a  revolving  magnet  gives  rotation  to  metallic  discs  or  needles  suspended 

"^^Experimental  Researches  in  Electricity  by  Michael  Faradav,  \'ol.  1,  paragraph 
1096. 

-^  Experimental  Researches,  Vol.  1,  paragraph  194. 
30S\V,  Vol.  1,  p.  114. 
3iS\V,  Vol.  1,  p.  118. 
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above  it  and  that  this  action  is  stopped  by  an  interposed  screen  of 
magnetic  material  or  thick  plates  of  copper,  silver,  or  zinc.  Also, 
Faraday  had  shown  that  the  rotation  is  due  to  inductive  rather  than 
magnetic  action,  the  rotating  magnet  causing  induced  currents  in  the 
suspended  body. 

Henry  did  not  know  of  the  experiments  on  screening  which  Faraday 
had  made  and  which  were  the  subject  of  a  paper  read  June  21,  1838, 
and  published  in  the  Philosophical  Transactions  for  that  year.*^  In 
this  work  Faraday  found  that  a  copper  plate  interposed  between  a 
primary  and  a  secondary  coil  had  no  effect  on  the  induction  as  indicated 
by  a  galvanometer,  apparently  of  the  slow-period  type.  Under  this 
condition  of  measuring,  the  induced  currents  in  the  shields,  which  set 
up  a  flux  opposing  that  of  the  primary  coil,  die  out  before  the  galvanom- 
eter response  is  well  under  way,  so  that  the  deflection  is  dependent 
only  on  the  total  change  of  flux  in  the  secondary  coil  and  hence  sub- 
stantially independent  of  the  screen. 

Henry,  on  the  other  hand,  using  shocks,  which  are  indicative  of 
instantaneous  or  peak  voltages,  as  the  measure  of  induction,  observed 
the  important  principle  of  shielding,  namely,  that  an  interposed  non- 
magnetic metallic  conducting  screen  prevents  sudden  changes  of  flux 
through  the  screen.  The  "measuring  instrument"  in  this  case  being 
instantaneous,  the  opposing  effect  of  the  currents  induced  in  the  shield 
is  observed.  Henry  communicated  these  results  to  the  American 
Philosophical  Society  November  2,  1838,  a  report  of  which,  published 
in  1839,  stated  that  a  part  of  the  paper: 

"  relates  to  the  effect  of  interposing  different  substances  between  the  conductor  which 
transmits  the  current  from  the  battery,  and  that  which  is  arranged  to  receive  the 
induced  current.  All  good  conducting  substances  are  found  to  screen  the  inducing 
action,  and  this  screening  effect  is  shown,  by  the  detail  of  a  variety  of  experiments, 
to  be  the  result  of  the  neutralizing  action  of  a  current  induced  in  the  interposed  body."  ^^ 

Henry,  on  later  learning  of  Faraday's  results  and  of  the  then  apparent 

discrepancy  between   those   and   his  own,   investigated   the  subject 

further  with  additional  experiments,  and  from  the  experimental  data 

and  theoretical  reasoning  arrived  at  a  fair  reconciliation  of  the  various 

observations.^^ 

Speaking  of  the  phenomena  of  circulating  currents  induced  in  an 

interposed  shield,  Henry  said: 

"Also  the  same  principle  appears  to  have  an  important  bearing  on  the  improve- 
ment of  the  magneto-electrical  machine:  since  the  plates  of  metal  which  sometimes 
form  the  ends  of  the  spool  containing  the  wire,  must  necessarily  diminish  the  action, 

^- Experimenlal  Researches  in  Electricity  by  Michael  Faraday,  Vol.  1,  paragraphs 
1709-1736. 

33  SW,  Vol.  1,  p.  106. 

"  SW,  Vol.  1,  pp.  169-188. 
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and  also  from  experinieiU  of  paragraph  72  the  arinature  itself  may  circulate  a  closed 
current  which  will  interfere  with  the  intensity  of  the  induction  in  the  surrounding 
wire.  I  am  inclined  to  believe  that  the  increased  effect  observed  by  Sturgeon  and 
("allaiid,  when  a  bundle  of  v\  ire  is  substituted  for  a  solid  [)iece  of  iron,  is  at  least  in  part 
due  to  the  interrui)tion  of  these  currents.  I  hope  to  resume  this  [lart  of  the  subject, 
in  connection  with  se\eral  other  i)oints,  in  another  communication  to  the  Society."  •** 

At  the  end  of  the  meeting  in  which  this  communication  was  presented, 
Dr.  Bache  gave  an  account  of  investigations  of  Professor  Ettingshausen 
of  X'ienna,  in  which  he  had  been  led  to  suspect  the  development  of  a 
current  in  the  metal  of  the  keeper  of  the  magneto-electrical  machine, 
which  diminished  the  effect  of  the  current  in  the  coil  about  the  keeper. 
Mentioning  this  communication,  Henry  said: 

"It  gives  me  pleasure  to  learn  that  the  improvements,  which  I  have  merely  sug- 
gested as  deductions  from  the  principles  of  the  interference  of  induced  currents  (76), 
should  be  in  accordance  with  the  experimental  conclusions  of  the  above  named  phil- 
osopher." ^'^ 

Under  date  of  November  13,  1838,  a  few  days  after  Henry's  com- 
munication to  the  American  Philosophical  Society,  a  communication 
bearing  on  this  subject  was  sent  to  Sillimans  Journal  by  Charles  G. 
Page  and  published  in  that  Journal  in  January,  1839.  Mr.  Page 
states : 

"...  I  would  not  say  that  a  very  careful  insulation  [of  the  iron  wires  forming  a 
magnet  core]  might  not  improve  their  operation.  For  I  apprehend  that  in  the  devel- 
opment and  return  of  magnetic  forces,  electrical  currents  are  excited  in  the  body  of 
the  magnet  at  right  angles  to  its  axis,  as  well  as  in  the  wires  surrounding  the  magnet." 

The  work  of  Foucault,  whose  name  is  often  associated  with  this  type  of 
induced  current,  was  published  in  Comptes  Renins,  1855.  Foucault 
was  familiar  with  the  work  of  Arago  and  Faraday,  but  did  not  mention 
the  work  of  Henry. 

10.  Discoveries  Bearing  Particularly  on  Radio  Telegraphy 
and  Telephony 

a.    Variation  of  Induction  Between  Coils  with  Separation 

Henry,  in  his  extensive  investigations  of  induction,  as  presented  in  a 
paper  in  1838  and  published  in  1839,"  showed  that  the  current  induced 
in  the  secondary  of  two  helical  coils  could  be  varied  or  regulated  by 
changing  the  relation  in  space  of  the  coils.  The  following  from  several 
of  Henry's  applications  of  this  principle  gives  a  partial  summary  of  the 
results  of  his  investigations: 

"The  action  at  a  distance  afifords  a  simple  method  of  graduating  the  intensity  of 
the  shock  in  the  case  of  its  application  to  medical  purposes.     The  helix  may  be  sus- 

^  SW,  Vol.  1,  p.  126. 
^-^SW,  Vol.  1,  p.  145. 
"SW,  Vol.  1,  pp.  119-122. 
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pended  by  a  string  passing  over  a  pulley,  and  then  gradually  lowered  down  towards 
the  plane  of  the  coil,  until  the  shocks  are  of  the  required  intensity."  ^^ 

b.  Action  of  Induction  at  a  Distance 

Henry  investigated  the  action  of  the  discharge  of  a  Leyden  jar 
through  a  primary  circuit  in  inducing  currents  in  distant  secondary 
circuits.  For  example,  the  following  report  of  a  paper  read  in  1842 
was  published  the  following  year: 

"...  a  single  spark  .  .  .  thrown  on  the  end  of  a  circuit  of  wire  in  an  upper  room, 
produced  an  induction  sufficiently  powerful  to  magnetize  needles  in  a  parallel  circuit 
of  wire  placed  in  the  cellar  beneath,  at  a  perpendicular  distance  of  thirty  feet  with  two 
floors  and  ceilings  .  .  .  intervening when  it  is  considered  that  the  mag- 
netism of  the  needle  is  the  result  of  the  difference  of  two  actions,  it  may  be  further 
inferred  that  the  diffusion  of  motion  in  this  case  is  almost  comparable  with  that  of  a 
spark  from  a  flint  and  steel  in  the  case  of  light."  '' 

These  experiments  were  carried  to  greater  distances  as  is  illustrated 
by  the  following  excerpt  from  the  proceedings  of  the  meeting  of  the 
American  Philosophical  Society,  October  21,  1842: 

"Prof.  Henry  communicated,  orally,  an  extension  of  the  experiments,  which 
he  had  previously  brought  before  the  Society,  on  electro-dynamic  induction.  He  had 
succeeded  in  magnetizing  needles  by  the  secondary  current  in  a  wire  more  than  two 
hundred  and  twenty  feet  distant  from  the  wire  through  which  the  primary  current 
was  passing,  excited  by  a  single  spark  from  an  electrical  machine."  *" 

Also,  in  the  notes  on  "Lectures  on  Natural  Philosophy  by  Professor 
Henry"  made  by  William  J.  Gibson,  a  student,  February  28,  1844, 
after  a  description  of  experiments  on  induction  at  a  distance  in  which 
inductive  effects  were  noted  several  hundred  feet  away,  it  is  stated: 

"Hence  the  conclusion  that  every  spark  of  electricity  in  motion  e.xerts  these  in- 
ductive effects  at  distances  indefinitely  great  (effects  apparent  at  distances  of  one-half 
a  mile  or  more);  and  another  ground  for  the  supposition  that  electricity  pervades  all 
space.  Each  spark  sent  off  from  the  Electrical  Machine  in  the  College  Hall  sensibly 
affects  the  surrounding  electricity  through  the  whole  village.  A  fact  no  more  improb- 
able than  that  light  from  a  candle  (probably  merely  another  kind  of  wave  or  vibration 
of  the  same  medium),  should  produce  a  sensible  effect  on  the  eye  at  the  same  dis- 
tance." *^ 

This  is  also  referred  to  in  Henry's  letter  to  Rev.  S.  B.  Dod,  written 
in  1876  as  follows: 

"As  another  illustration  of  this,  it  may  be  mentioned  that  when  a  discharge  of  a 
battery  of  several  Leyden  jars  was  sent  through  the  wire  before  mentioned,  stretched 
across  the  campus  in  front  of  Nassau  Hall,  an  inductive  effect  was  produced  in  a 
parallel  wire,  the  ends  of  which  terminated  in  the  plates  of  metal  in  the  ground  in  the 
back  campus,  at  a  distance  of  several  hundred  feet  from  the  primary  current,  the 
building  of  Nassau  Hall  intervening.  The  effect  produced  consisted  in  the  magnet- 
ization of  steel  needles."  ^ 

38  SW,  Vol.  1,  p.  121. 

^i-SW,  Vol.  1,  p.  203. 

^'^  Proceedings  of  the  American  Philosophical  Society,  Vol.  2,  Jan.,  1841-May,  184.S. 

^^  Manuscript  in  Princeton  Library,  p.  135. 

^  A  Memorial  of  Joseph  Henry,  published  by  order  of  Congress,  1880,  pp.  151-152. 
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The  effect  of  lightning  on  an  electroscope  had  been  observed  prior 
to  Henry's  work.  In  extending  this  work,  Henry  connected  a  wire  to 
the  metallic  roof  of  his  study,  carried  this  wire  through  a  magnetizing 
spiral  and  to  ground,  by  means  of  which  arrangement  needles  were 
magnetized  in  his  study  "even  when  the  flash  is  at  a  distance  of  seven 
or  eight  miles,  and  when  the  thunder  is  scarcely  audible."-^  William 
J.  Gibson,  in  1844,  in  his  notes  on  Henry's  lectures,  states  that  needles 
were  magnetized  by  lightning  20  miles  away. 

c.  Oscillatory  Nature  of  Discharge  of  Leyden  Jar 

Anomalies  in  the  polarity  of  small  steel  needles  magnetized  by  the 
discharge  from  the  Leyden  jar  had  been  observed  prior  to  Henry's 
work  notably  by  Felix  Savary,  who  in  1827  advanced  in  the  following 
words  the  hypothesis  that  these  results  were  due  to  the  oscillatory 
discharge  of  the  Leyden  jar: 

"An  electric  discharge  is  a  phenomerron  of  movement.  Is  this  movement  a 
continuous  translation  of  matter  in  a  determined  direction?  Then  the  opposite 
polarity  of  magnetism  observed  at  different  distances  from  a  straight  conductor,  or  m 
a  helix'  with  graduallv  increasing  discharges,  would  be  due  entirely  to  the  mutual 
reactions  of  the  magnetic  particles  in  the  steel  needles.  The  manner  in  which  the 
action  of  a  wire  changes  with  its  length  appears  to  me  to  exclude  this  supposition. 

"  Is  the  electric  movement  during  the  discharge,  on  the  other  hand,  a  series  of  os- 
cillations transmitted  from  the  wire  to  the  surrounding  medium  and  soon  attenuated 
by  resistances  which  increase  rapidly  with  the  absolute  velocity  of  the  moving 
particles?  ,       .      • 

"All  the  phenomena  lead  to  this  hypothesis  which  makes  not  only  the  intensity 
but  the  polarity  of  the  magnetism  depend  on  the  laws  in  accordance  with  which  the 
small  movements  die  out  in  the  wire  in  the  surrounding  medium  and  in  the  substance 
which  receives  and  conserv-es  the  magnetism."  *^ 

Henry  repeated  and  extended  Savary's  investigations  and  confirmed 
Savary's  hypothesis  by  a  clear  and  authoritative  statement  of  the 
phenomenon  as  follows: 

"The  discharge,  whatever  may  be  its  nature,  is  not  correctly  represented  (employ- 
ing for  simplicitv  the  theory  of  Franklin)  by  the  single  transfer  of  an  imponderable 
fluid  from  one  side  of  the  jar  to  the  other;  the  phenomena  require  us  to  admit  the 
existence  of  a  principal  discharge  in  one  direction,  and  then  several  reflex  actions  back- 
ward and  forward,  each  more  feeble  than  the  preceding,  until  the  equilibrium  is  obtained. 
All  the  facts  are  shown  to  be  in  accordance  with  this  hypothesis,  and  a  ready  explana- 
tion is  afforded  by  it  of  a  number  of  phenomena  which  are  to  be  found  in  the  older 
works  on  electricity,  but  which  have  until  this  time  remained  unexplained."  *" 
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